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Summary

Staphylococcus aureus is a leading cause of biofilm infections on indwelling medical
devices. S. aureus biofilm infections are intrinsically difficult to treat. They are
recalcitrant to conventional antibiotics and resistant to host immune phagocytosis.
Thus, treatment often involves removal of the device and new preventive and
treatment strategies are greatly required. S. aureus biofilm formation is muitifactorial
and considered to occur through three distinct phases; primary attachment,
accumulation and maturation and biofilm dispersal. Several cell wall-anchored
proteins of S. aureus mediate biofilm accumulation. Proteins on adjacent cells form
homophilic interactions causing cells to aggregate and biofilm to accumulate. These
include the serine aspartate repeat protein C (SdrC) and the fibronectin binding
proteins (FNBP) A and B. FnBPs also mediate S. aureus adherence to the host plasma
protein fibrinogen (Fg) which is important for primary attachment of S. aureus to biotic
surfaces. However, FnBP-mediated biofilm accumulation and adherence to Fg are
mediated by two distinct mechanisms. This study investigated SdrC and FnBPs as novel

targets for anti-biofilm agents in order to prevent S. aureus biofilm formation.

Molecular modelling and in silico docking techniques were used to identify putative
inhibitors targeting SdrC and FnBP homophilic interactions in biofilm. Using this
approach several small molecule inhibitors were identified which bound recombinant
SdrC and inhibited SdrC-mediated biofilm in vitro without affecting bacterial growth. A
peptide inhibitor of SdrC-mediated biofilm was also identified. In targeting FnBPs, four
small molecule inhibitors were identified which inhibited FnBP-dependent biofilm of
HA-MRSA strains in vitro without affecting bacterial growth and three, of the four
small molecules, inhibited recombinant FnBPA-FnBPA homophilic interactions.
Furthermore, the FnBP biofilm inhibitors did not inhibit FnBP-mediated adherence of
S. aureus to Fg highlighting their specificity as biofilm accumulation inhibitors. This
highlighted the potential for proteins which mediate biofilm accumulation to be

targets for preventive agents.

This study also identified three inhibitors of FnBP-mediated adherence of S. aureus to

Fg using in silico docking methods. Two of the three inhibitors were demonstrated to



inhibit both FNBPA- and FnBPB-Fg binding. These small molecules may serve as anti-
adhesion inhibitors in the prevention of S. aureus primary attachment to biotic
surfaces. Thus, inhibitors of two steps in S. aureus biofilm formation; primary
attachment and biofilm accumulation, were identified in this study. The agents

identified here may serve as scaffolds for further drug design.

This study also further characterised SdrC and FnBP interactions in biofilm at the
molecular level. SdrC was found to promote biofilm formation in a clinically relevant
HA-MRSA strain, MRSA252. FnBPA homophilic interactions were localised to
subdomain N2 with five isotypes of FnBPA shown to mediate biofilm. FnBPB
homophilic N2N3 interactions were demonstrated and heterophilic FnBPA and FnBPB
interactions identified in vitro. Further characterisation of the molecular mechanisms
underlying biofilm formation will also aid in the generation of novel preventive and

treatment strategies against S. aureus biofilm infections.
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Chapter 1

Introduction



1.1 Characteristics of staphylococci.

Staphylococci are a Gram-positive genus of bacteria originally observed by Ogston in
1882 (Baird-Parker, 1965). Staphylococci are a member of the phylum Firmicutes,
within the class Bacilli and of the order Bacillales (Becker & von Eiff, 2011). More
specifically, within the order Bacillales, the genus belongs to the family
Staphylococcaceae (Becker & von Eiff, 2011). They are typically golden, cream or white
in colour and under a microscope are visualized as cocci in grape-like clusters. These
clusters are a result of staphylococcal cell division which occurs across more than one
plane (Tzagoloff & Novick, 1977). This is phenotypically different to the genus
Streptococcus which divide on a single plane forming strings of cells. Staphylococci are
catalase positive, oxidase-negative, facultative anaerobes. They are non-motile and do
not form spores (Corrigan et al., 2007). They are resistant to heat and tolerant to high
salt concentrations (Parfentjev & Catelli, 1964). Staphylococcal genomes contain a low

G+C content of 30-40 % (Ludwig et al., 1985, Stackebrandt & Teuber, 1988).

Two groups within the genus Staphylococcus have been described based on their
ability to produce coagulase: coagulase-positive staphylococci including
Staphylococcus aureus and the S. intermedius group, and coagulase-negative
staphylococci which include the important human pathogens S. epidermidis, S.
haemolyticus and S. lugdunensis (Becker et al., 2014a). Historically coagulase-negative
staphylococci have been considered the least pathogenic or non-pathogenic of the
Staphylococcus genus (Becker et al.,, 2014a). However, this view has changed and
coagulase-negative staphylococci are now considered major nosocomial pathogens
with S. epidermidis identified as a leading cause of indwelling-device related infections.
Staphylococcus aureus and S. epidermidis have been the most extensively studied of
the staphylococci. S. aureus and S. epidermidis are members of the human commensal
microflora. S. aureus colonises the human nasopharynx while S. epidermidis colonises
the human nose and skin. S. aureus is the most important human pathogen of the
Staphylococcus genus which causes a wide spectrum of disease. The species name
aureus refers to the golden colour commonly observed for S. aureus colonies due to

the production of the carotenoid pigment staphyloxanthin (Pelz et al., 2005).



1.2 S. aureus host interactions.
1.2.1 Colonisation.

1.2.1.1 Human nasopharynx

The primary site of S. aureus colonisation is the human nasal cavity (Weidenmaier et
al., 2012). 20 % of the human population persistently carry S. aureus in the nares while
the remaining population are considered transient carriers (van Belkum et al., 2009).
Nasal colonisation has been identified as a major risk factor for infection with S. aureus
(Wertheim et al., 2004, von Eiff et al., 2001, Munoz et al., 2008). Within the human
nasal cavity S. aureus colonises the anterior nares and the posterior nares with
different cell surface factors mediating colonisation at each site (Weidenmaier et al.,
2008). The ability to colonise both sites aids the persistence of S. aureus in the nasal

cavity (Weidenmaier et al., 2012).

Colonisation of the anterior nares is mediated by interactions of S. aureus cell wall-
anchored proteins with ligands on the surface of squames; dead keratinized cells on
the surface of the squamous epithelium. The cell wall-anchored protein clumping
factor B (CIfB) mediates adherence of S. aureus to the host proteins loricrin and
cytokeratin (Mulcahy et al., 2012, Walsh et al., 2004, O'Brien et al., 2002b) and
promotes colonisation of human nares (Wertheim et al., 2008). CIfB binding loricrin
has been identified as the primary interaction in S. aureus nasal colonisation in vivo
(Mulcahy et al., 2012). Other cell wall-anchored proteins have also been implicated in
nasal colonisation. The iron-regulated surface determinant (Isd) protein A promotes
adherence of S. aureus to squames in vitro (Clarke et al., 2009) and was found to
promote colonisation of the nares of cotton rats in vivo (Clarke et al., 2006).
Furthermore, immunization with CIfB or IsdA reduced nasal colonisation in mice and
cotton rats, respectively (Clarke et al., 2006, Schaffer et al., 2006). The S. aureus
surface protein G (SasG) and the serine aspartate repeat (Sdr) proteins C and D were
also found to promote S. aureus adherence to squames in vitro (Corrigan et al., 2009).
SdrD binds the host protein desmoglein 1 (Askarian et al., 2016) while the ligands of

SasG and SdrC remain unknown.



S. aureus attachment to the posterior nares is mediated by the cell wall-anchored
anionic polymer wall teichoic acid (WTA). WTA interacts with a type F scavenger
receptor SREC-1 expressed on ciliated nasal epithelial cells (Baur et al., 2014) and
promotes nasal colonisation of cotton rats in vivo (Weidenmaier et al.,, 2004,

Weidenmaier et al., 2008).

S. aureus also colonises the human pharynx (Mertz et al., 2007). Interestingly,
pharyngeal colonisation can occur independently of nasal colonisation. A study of
~3,000 individuals reported that 37.1 % were nasal carriers while a significant portion;
12.8 % of individuals solely carried S. aureus in their pharynx (Mertz et al., 2007). The
bacterial factors mediating S. aureus pharyngeal colonisation remain unclear.
Interactions with mucus may play a role in both nasal and pharyngeal colonisation

(Sanford et al., 1989).
1.2.1.2 Human skin

The community associated (CA)-methicillin resistant S. aureus (MRSA) USA300 lineage
have been the most successful of the CA-MRSA strains in North America although the
virulence of CA-MRSA strains is relatively comparable (Deleo et al., 2010). Thus, its
success, at least in part, may be attributed to its enhanced ability to colonise human
skin increasing its transmissibility. USA300 strains have acquired a mobile genetic
element carrying a type IV staphylococcal chromosomal cassette (SCC) and the
arginine catabolic mobile element (ACME) (Diep et al., 2008, Diep et al., 2006). The
SCC carries the mecA gene which infers resistance to methicillin (Section 1.7.3.1) (Diep
et al., 2008). The ACME element encodes an arginine deiminase, an oligopeptide
permease system (Diep et al., 2006) and a spermine/spermidine N-acetyltransferase
(speG) (Joshi et al., 2011). The arginine deiminase and the spermine/spermidine N-
acetyltransferase promote survival of USA300 strains on skin. The arginine deiminase
activity results in the production of ammonia increasing the pH of skin and the
spermine/spermidine N-acetyltransferase confers resistance of USA300 strains to
polyamines produced by skin (Joshi et al., 2011). The ACME element is prevalent
among S. epidermidis strains suggesting it originated in S. epidermidis; a member of

the commensal microflora of human skin. S. aureus also colonises the skin of the



majority of individuals with atopic dermatitis (AD) (Park et al., 2013). Corneocytes
located on the outer layer of skin have an altered morphology in AD skin (Riethmuller
et al., 2015). The cell wall-anchored protein CIfB promotes adhesion of S. aureus to
these AD corneocytes (Fleury et al., 2017). Furthermore, increased CIfB binding activity
was associated with S. aureus strains isolated from AD skin in comparison to nasal

isolates (Fleury et al., 2017).
1.2.2 Infection.

Although S. aureus is a commensal in the nasopharynx of humans, it is a very
important opportunistic human pathogen which causes a wide spectrum of disease. S.
aureus is a cause of superficial skin infections such as styes, boils and impetigo. S.
aureus also causes serious, life threatening infections. These include but are not
limited to endocarditis, septicaemia, toxic shock syndrome, pneumonia and
osteomyelitis. The centers for disease control and prevention (CDC) reported 80,461
severe methicillin resistant S. aureus (MRSA) infections and 11,285 deaths from MRSA
in North America in 2011 (Dantes et al., 2013) while in Ireland, in 2016, the health
protection surveillance centre (HSPC) reported 1,168 S. aureus positive blood cultures,
14.7 % of which were MRSA strains (HSPC, 2016). In industrialised countries worldwide
S. aureus is considered a leading cause of infective endocarditis, causing 16-34 % of
cases, and bacteraemia with the incidence of S. aureus bacteraemia in these countries
considered to be 10-30 per 100,000 person-years (Tong et al., 2015). With advances in
modern healthcare, a new infection opportunity has emerged with S. aureus causing
infections on indwelling medical devices. Examples of these include prosthetic joints,
heart valves and intravenous catheters. These infections involve formation of a
multicellular biofilm community. Thus, S. aureus has the ability to cause both acute

infections in a planktonic state and chronic, biofilm-associated infections.

The success and versatility of S. aureus as a pathogen is undoubtedly as a result of its
vast array of virulence factors (Powers & Wardenburg, 2014, Alonzo & Torres, 2014)
and immune evasion tactics (Spaan et al., 2013, Thammavongsa et al., 2015). S. aureus
has evolved strategies to evade and manipulate all steps in the host immune response

from recruitment of phagocytic cells through secretion of factors such as the



chemotaxis inhibitory protein of Staphylococcus (CHIPS) (Spaan et al., 2013) and
evasion of phagocyte killing to lysis of white blood cells by secreted bi-component
pore-forming leucocidins (Alonzo & Torres, 2014) and nonspecific activation of host T
cells (Stach et al, 2014) and B cells (Falugi et al., 2013). Furthermore, the widespread
emergence of antibiotic resistant S. aureus strains (Foster, 2017) and the lack of
success in studies to develop an S. aureus vaccine (Giersing et al., 2016, Jansen et al.,

2013) complicates prevention and treatment of this major pathogen.
1.3 The S. aureus cell envelope.

S. aureus cells are enclosed in a cytoplasmic membrane surrounded by a thick cell wall
which predominantly consists of peptidoglycan. The backbone of peptidoglycan is
made up of alternating B-1,4-N-acetlyglucosamine and N-acetylmuramic acid units
(Giesbrecht et al., 1998). A tetrapeptide of the amino acids L-alanine, D-glutamine, L-
lysine and D-alanine extend from the N-acetylmuramic acid units of the disaccharide
backbone (Giesbrecht et al., 1998). These tetrapeptides are linked by a pentaglycine
cross-bridge. The penicillin binding proteins (PBP) 2 and 4 mediate this cross-linking of
S. aureus peptidoglycan. The other major components of the S. aureus cell envelope
are teichoic acids; wall teichoic acid (WTA) and lipoteichoic acid (LTA). WTA and LTA
are anionic polymers expressed on the surface of S. aureus which contribute to the
overall negative charge of the cell surface. WTA is covalently attached to the N-
acetylmuramic acid within peptidoglycan. WTA is abundant in the S. aureus cell wall
with an estimate that every ninth N-acetylmuramic acid unit is linked to a WTA (Brown
et al., 2013). In the majority of S. aureus strains WTA consists of a disaccharide linkage
unit followed by one to two subunits of glycerol 3-phosphate and a polymer of
repeating subunits of ribitol 5-phosphate (Brown et al., 2013). WTA polymers are
decorated with D-alanine residues and N-acetylglucosamine moieties (Brown et al.,
2013). LTA consists of a poly glycerol phosphate backbone and a glycolipid anchor

which attaches it to the cytoplasmic membrane (Xia et al., 2010).

S. aureus strains may also be encapsulated. S. aureus capsular polysaccharide
serotypes 5 and 8 are predominant in clinical isolates (O'Riordan & Lee, 2004). Other

components of the S. aureus cell envelope include non-covalently associated and



covalently bound proteins. S. aureus can express many cell wall-anchored proteins on
its cell surface which are covalently bound to peptidoglycan (Foster et al., 2014).
Expression of these cell wall-anchored proteins varies among strains, growth
conditions and stages of growth. For example, the iron-regulated surface determinant
(Isd) proteins are exclusively expressed in iron-limited conditions, clumping factor B
(CIfB) expression is typically expressed in vitro in early exponential phase growth and

the S. aureus surface protein G (SasG) is not expressed in all strains.
1.4 S. aureus cell wall-anchored protein families.

S. aureus cell wall-anchored (CWA) proteins all contain a Sec-dependent signal
sequence at their amino-termini (Foster et al., 2014) and a sorting signal at their C-
termini containing the amino acid motif LPXTG, a membrane-spanning hydrophobic
domain and a tail of positively charged residues (Schneewind et al., 1993) (Fig 1.1).
Following translation, the signal sequence directs the proteins to the Sec apparatus
which secretes the proteins across the cytoplasmic membrane. The signal sequence is
cleaved during secretion. The presence or absence of a YSIRK/GS motif in the Sec
signal sequence determines the localisation of the protein (DeDent et al., 2008). Signal
sequences containing YSIRK/GS motifs direct proteins to the cross wall which contains
newly synthesized peptidoglycan and becomes the cell envelope upon cell division
leading to distribution of these proteins around the cell (DeDent et al., 2008). In
contrast, signal sequences without YSIRK/GS motifs direct proteins to the poles of the
cells leading to their localisation at the secretion sites (DeDent et al., 2008). An
additional ‘secretion motif’ within the N1 subdomain of CIfA, FnBPB and most likely,
FnBPA, is essential for the export of these proteins across the cell membrane
(McCormack et al., 2014, Geoghegan et al., 2013). This secretion motif in CIfA has
been localised to ten residues located at the junction of N1 with the N2 subdomain
(Fig 1.1) (McCormack et al., 2014). CIfA lacking its unstructured repeat region was
exported in the absence of this N1 secretion motif implicating the importance of this
motif in the secretion of the repeat regions of these proteins (McCormack et al.,
2014). Following secretion across the cell membrane, the proteins are subsequently
covalently anchored to the cell wall peptidoglycan by the enzyme sortase A. Sortase A

cleaves between the threonine and glycine of the LPXTG motif. An amide bond is
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FIG 1.1 Structural organization of S. aureus cell wall-anchored proteins. All S. aureus
cell wall-anchored proteins contain a signal sequence (S) at their N-terminus and a cell
wall spanning domain (W) or Xc domain and a sorting signal (SS) at their C-terminus.
The structural organization of the CIf-Sdr subfamily (A), fibronectin binding proteins (B)
and the collagen adhesin (C) which are members of the MSCRAMM family are shown
along with the NEAT motif family (D), the three-helical bundle family (E), the G5-E
repeat family (F) and the legume-lectin like family (G) of S. aureus cell wall-anchored
proteins. The CIf-Sdr subfamily (A) and fibronectin binding proteins (B) have an

additional secretion motif (SM) in the N1 subdomain.
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formed between the threonine and the pentaglcyine cross-bridge of peptidoglycan

anchoring the proteins to the cell wall (Mazmanian et al., 2001).

Five families of S. aureus cell wall-anchored proteins have been described based on
structural and functional studies (Geoghegan & Foster, 2015). These are the microbial
surface components recognizing adhesive matrix molecules (MSCRAMMs), the near
iron transporter (NEAT) motif proteins, the three-helical bundle family, the G5-E

repeat family and the legume-lectin like family (Fig 1.1).

1.4.1 MSCRAMM family.

The MSCRAMMs are the largest family of S. aureus cell wall-anchored proteins.
Members of the MSCRAMM family have a very similar overall domain structure and
are characterised by tandem IgG-like folded subdomains termed N2 and N3 followed
by a long, unstructured repeat region (Foster et al., 2014) (Fig 1.1). The archetypal
MSCRAMM structure consists of a signal sequence at the amino-terminus, followed by
an A domain consisting of three independently followed subdomains N1, N2 and N3.
The N1 subdomains of CIfA, FnBPA and FnBPB contain a ‘secretion motif’ which is
essential for transport of these MSCRAMM s across the cell membrane (McCormack et
al., 2014). No function for the remainder of N1 has been identified. The N2N3
subdomains are the major ligand binding region of MSCRAMMs. The N2N3
subdomains adopt 1gG-like folds. The A domain is followed by an unstructured repeat
region R. This region acts as a flexible stalk projecting the ligand binding A domain
from the cell surface. The R region is followed by a wall-spanning domain and the
sorting signal. The crystal structures of the N2N3 subdomains of seven of the nine S.
aureus MSCRAMM s have been solved and they all adopt the characteristic 1gG-like
folds with a hydrophobic trench separating the subdomains N2 and N3 (Ganesh et al.,
2008, Stemberk et al., 2014, Wang et al., 2013, Luo et al., 2017, Xiang et al., 2012,
Zhang et al., 2015, Zong et al., 2005). The MSCRAMM family can be classified into
three subfamilies; the clumping factor-serine aspartate repeat (CIf-Sdr) subfamily, the

fibronectin binding proteins and the collagen adhesin.

The CIf-Sdr subfamily comprises CIfA, CIfB, SdrC, SdrD, SdrE and the bone sialoprotein-
binding protein (Bbp) which is considered an isoform of SdrE (Foster et al., 2014). The



A domain of CIf-Sdr proteins consists of NIN2N3 subdomains with the N2N3
subdomains considered the major ligand binding region. The repeat region of the CIf-
Sdr subfamily consists of tandem serine-aspartate (SD) repeats (Fig 1.1A). The SD
repeats are post translationally modified with N-acetylglucosamine moieties. This
glycosylation protects the SD repeats from proteolytic degradation by the neutrophil
protease cathepsin G (Hazenbos et al., 2013). The Sdr and Bbp proteins contain
between two and four additional B repeats between the N2N3 subdomains and the
repeat region (Fig 1.1A). No ligands for the B repeats have been identified to date.
Fibronectin binding proteins (FnBP) A and B contain an A region of N1N23 subdomains
followed by a repeat region of tandem fibronectin binding repeats (FNnBRs; Fig 1.1B).
Like the CIf-Sdr subfamily the major ligand binding region of FnBPs are the N2N3
subdomains. FNBPA and FnBPB contain a large amount of sequence variation in their
N2N3 subdomains with seven isotypes of both FnBPA (Loughman et al., 2008) and
FnBPB (Burke et al., 2010) identified to date. Despite this sequence variation, the
ability of FnBPA and FnBPB to bind their host ligands is conserved across isotypes
(Burke et al., 2010, Loughman et al., 2008, Pietrocola et al., 2016).

The collagen adhesin (Cna) is also a member of the MSCRAMM family of cell wall-
anchored proteins and contains an A domain with three subdomains N1, N2, N3
(Foster et al., 2014). However, its structure differs from the archetypal MSCRAMM
structure (Fig 1.1C). The N1 and N2 subdomains of Cna, rather than its N2N3
subdomains, form tandem IgG-like folds and mediate ligand binding. Cna, like Sdr
proteins, contains tandem B repeats which vary in number. However, their sequence
differs to that of the Sdr B repeats. Furthermore, Cna does not contain an

unstructured repeat region.
1.4.1.1 ‘Dock, Lock and Latch’

The major ligand binding region of MSCRAMMs is their N2N3 subdomains which
mediate adherence to a wide variety of host ligands. A common, multistep ligand
binding mechanism termed ‘Dock, Lock and Latch’ (DLL) has been identified among
MSCRAMMs (Fig 1.2). The DLL mechanism of binding was originally described for the S.
epidermidis MSCRAMM SdrG and the B-chain of human fibrinogen (Fg) through
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FIG 1.2 ‘Dock, Lock and Latch’ mechanism of MSCRAMM-ligand binding. The
archetypal MSCRAMM-ligand binding mechanism of ‘Dock, Lock and Latch’ involves
three steps. The ligand (purple) ‘docks’ in the hydrophobic trench between the N2 and
N3 subdomains (green and yellow, respectively) (1). The C-terminal extension of the
N3 subdomain termed the ‘Lock latch’ (red) redirects and covers the ligand in the
trench and the N2 and N3 subdomains form a number of contacts with the ligand
‘locking’ it in place (2). The latch then extends into the N2 subdomain forming a B-
strand complementation with the D and E strands of the N2 subdomain ‘latching’ the
ligand in place (3). The unbound IgG-like folded N2 N3 subdomain structure of SdrG is

also shown. Adapted from Bowden et al, 2008.

atil



crystallization and comparison of the SdrG apo and ligand bound structures along with

biochemical studies (Ponnuraj et al., 2003, Bowden et al., 2008).

The archetypal DLL mechanism of MSCRAMM-ligand binding consists of the initial
docking of the ligand in the hydrophobic trench between subdomains N2 and N3 (Fig
1.2). In the crystal structures of MSCRAMMs in complex with their ligand peptides, the
ligands lie in an extended linear confirmation within the trench {(Ponnuraj et al., 2003,
Bowden et al., 2008, Ganesh et al., 2008, Stemberk et al., 2014, Xiang et al., 2012). The
N3 subdomain contains a C-terminal extension termed the ‘lock-latch region’ (Fig 1.2).
Upon ligand docking, the lock-latch region redirects covering the docked ligand and
the N2N3 subdomains form a number of contacts with the ligand ‘locking’ it in place
(Fig 1.2). In the case of SdrG, it’s N2 and N3 subdomains form 62 contacts, including
several hydrogen bonds, with the B-chain peptide of Fg locking the peptide in the
trench (Ponnuraj et al., 2003). Finally, the latch region extends into a cleft between
two B-strands (labelled D and E) of the N2 subdomain forming an intramolecular B-
strand complementation (Fig 1.2). This forms a closed N2N3 conformation and
stabilizes the ligand bound structure. Variants of the DLL mechanism of MSCRAMM-
ligand binding have been described. For example, in the case of FnBPA binding the Fg
vy-chain the importance of the latch is unclear. The crystal structure of FnBPA in
complex with the Fg y-chain peptide was solved and FnBPA in this structure lacks the
majority of the putative latch (Stemberk et al., 2014). This indicated that the latch is

not essential for FNBPA binding Fg (Stemberk et al., 2014).
1.4.2 NEAT motif family

The near iron transporter (NEAT) motif family members are characterised by at least
one NEAT domain within their structure which facilitates binding to haem or
haemoglobin (Fig 1.1D) (Foster et al., 2014). This ability to bind and acquire haem or
haemoglobin is the major function of members of the NEAT motif family aiding S.
aureus survival in iron-limited conditions within the host where iron is sequestered.
The members of the NEAT motif family are the iron-regulated surface determinant
(Isd) proteins A, IsdB, IsdH and IsdC which are exclusively expressed in iron-limited

conditions. IsdA and IsdC proteins contain one NEAT domain, IsdB contains two NEAT
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domains and IsdH three NEAT domains (Hammer & Skaar, 2011). Each NEAT domain
can bind a single haem molecule, IsdH can also bind haptoglobin-haemoglobin and
IsdB haemoglobin (Hammer & Skaar, 2011). Thus, these proteins are the initial step in
acquiring iron for S. aureus. Following haem binding the haem is transferred from the
cell wall-anchored Isd proteins to a transporter which facilitates haem transport across

the cell membrane and into the cytoplasm where it is digested to release iron.
1.4.3 Three-helical bundle family

The three-helical bundle family member protein A of S. aureus is characterised by its
five N-terminal three-helical bundle domains; EABCD (Fig 1.1E) (Foster et al., 2014).
Each three-helical bundle domain is separately folded. The three-helical bundle
domains are the major ligand binding region of protein A. The three-helical bundles
are followed by the variable Xr region which consists of a variable number of
octapeptide repeats. Due to the variability of the Xr region, sequencing of this region,
known as spa typing is often used in the typing of S. aureus strains (Foster et al., 2014).
The Xr region is followed by the constant, non-repetitive Xc region at the C-terminus of
protein A. Protein A is also present in the supernatant of S. aureus in a released form
through inefficient sorting (O'Halloran et al., 2015) and the activity of the LytM
endopeptidase (Becker et al., 2014b).

1.4.4 G5-E repeat family

S. aureus surface protein G (SasG) is the only G5-E repeat protein expressed by S.
aureus (Fig 1.1F). S. epidermidis also expresses a G5-E repeat protein; the
accumulation associated protein (Aap). SasG contains an N-terminal A domain
containing a legume-lectin like domain followed by variable numbers of alternating G5
and E domains (Gruszka et al., 2012). The alternation of separately folded G5 and E
domains is thought to prevent misfolding of the protein which otherwise may occur
due to the repetitiveness of this region (Gruszka et al., 2012, Gruszka et al., 2015). The
structure of the G5-E repeats consists of triple-stranded B-sheets arranged head-to-tail
with structural similarity between the G5 and E domains (Gruszka et al., 2012). SasG
proteins form long extended fibrils on the surface of S. aureus due to the rod-like

structure of these G5-E repeats (Gruszka et al., 2015, Gruszka et al., 2012).
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1.4.5 Legume-lectin family

The serine-rich adhesin for platelets (SraP) is a glycosylated, serine rich repeat protein
which contains a characteristic legume-lectin like region in its BR domain (Fig 1.1G)
(Yang et al., 2014, Sanchez et al., 2010). SraP contains a large signal sequence at its N-
terminus. Due to this and its glycosylation, SraP is secreted across the cell membrane
by the accessory Sec system unlike other CWA proteins of S. aureus (Siboo et al.,
2008). Following the secretion signal, SraP consists of a short serine rich region at its
N-terminus (SRR1). This is followed by the BR domain. The BR domain consists of four
subdomains; the legume-lectin like subdomain, a B-grasp folded subdomain (B-GF) and
two tandem cadherin-like domains (CDHL-1 and CDHL-2) (Yang et al., 2014). The BR

region is followed by a longer serine rich repeat region (SRR2) at the C-terminus.
1.4.6 Major functions of the cell wall-anchored proteins

S. aureus cell wall-anchored (CWA) proteins are essential factors in nasal colonisation
and in local and systemic infections. S. aureus CWA proteins are often multifunctional
and there is a large amount of functional redundancy among them. Functions of the
CWA proteins include mediating adhesion to host proteins, invasion of host cells,
immune evasion, iron scavenging (Section 1.4.2), and biofilm formation (Table 1.1,

biofilm formation is extensively discussed in section 1.5.2.2) (Foster et al., 2014).
1.4.6.1 Adhesion to host proteins

An important function of the MSCRAMM family of CWA proteins is their ability to bind
to host plasma proteins (Table 1.1). CIfA is an important S. aureus virulence factor
largely due to its ability to bind to fibrinogen (Fg) and fibrin. Its role in virulence has
been demonstrated in a wide spectrum of S. aureus infections; endocarditis (Moreillon
et al., 1995, Que et al., 2005), septicaemia (Josefsson et al., 2001, Cheng et al., 2009,
Flick et al., 2013), kidney abscesses (Cheng et al., 2009) and septic arthritis (Josefsson
et al., 2001). CIfB, FnBPA, FnBPB and Bbp also mediate adherence of S. aureus to Fg.
FnBPA and FnBPB N2N3 subdomains also mediate adherence of S. aureus to host
proteins elastin (Keane et al., 2007, Roche et al., 2004) and plasminogen (Pietrocola et

al., 2016). The fibronectin binding repeats of FNBPA and FnBPB mediate adherence of
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S. aureus to the N-terminal type-1 modules of fibronectin (Fn) (Greene et al., 1995)
promoting adherence to the host extracellular matrix. The Fg binding site and first Fn
binding repeat of FnBPA and FnBPB are in close proximity and, in the case of FnBPA,
binding of Fn sterically prevented Fg binding (Stemberk et al., 2014). FnBPB also
contains another Fn binding site in its N2N3 subdomains (Burke et al., 2011). As
previously described, interactions of CWA proteins with host proteins in the human
nares and skin are essential in promoting S. aureus colonisation (Section 1.2.1, Table
1.1). Other interactions of S. aureus CWA proteins with host ligands are detailed in

Table 1.1.
1.4.6.2 Invasion of host cells

The CWA proteins FnBPA, FnBPB, IsdB and SraP promote invasion of S. aureus into
non-professional phagocytic host cells (Table 1.1). The fibronectin binding repeats
(FnBRs) of FnBPA and FnBPB facilitate invasion into a variety of mammalian host cells
(Edwards et al., 2010, Edwards et al., 2011, Liang et al., 2016, Agerer et al., 2005, Sinha
et al., 2000). Fn acts as a bridge between S. aureus and the host cell with FnBPs and
a5B1 integrins binding the same Fn molecules. FnBPs binding to multiple Fn proteins
causes integrin clustering which results in intracellular signalling causing the host cell
to endocytose S. aureus (Agerer et al., 2005). Interestingly, both the affinity and
number of FnBRs affect the efficiency of FnBP-mediated host cell invasion (Edwards et

al., 2010, Edwards et al., 2011).

IsdB promotes adhesion to and invasion of host cells through binding of B3 integrins
(Zapotoczna et al., 2013) and the legume-lectin like subdomain of SraP binds to N-
acetylneuraminic acid mediating adherence and invasion of S. aureus into lung
epithelial cells (Yang et al., 2014). Host cell invasion allows S. aureus to evade
detection by the host immune system, protects the bacteria from antibiotics, allows S.
aureus access to deeper tissue and intracellular S. aureus may serve as reservoirs for

chronic infections (Edwards et al., 2011).
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Table 1.1 Functions of the S. aureus cell wall-anchored proteins

Cell wall anchored Ligand(s) Function Reference
protein
MSCRAMM family
Clumping factor (CIf)A Fg® y-chain Adhesion to immobilised (Ganesh et al., 2008)

CIfB

Serine aspartate

repeat protein (Sdr) C

Complement factor |

Fg a-chain, loricrin,

cytokeratin 10

Unknown

Unknown

B-neurexin

SdrC

Hydrophobic

surfaces

Fg, immune evasion

Enhances cleavage of C3b,
evasion of

opsonophagocytosis

Adhesion to immobilised
Fg, nasal colonisation,
colonisation of atopic

dermatitis skin

Biofilm formation

Adherence to human
desquamated nasal

epithelial cells

Unknown

Homophilic interactions
which mediate biofilm

accumulation.

Attachment to abiotic

surfaces

(Hair et al., 2010)

(Fleury et al., 2017,
Walsh et al., 2004,
Xiang et al., 2012,

Mulcahy et al., 2012)

(Abraham & Jefferson,
2012)

(Corrigan et al., 2009)

(Barbu et al., 2010)
(Barbu et al., 2014,

Feuillie et al., 2017)

(Barbu et al., 2014,
Feuillie et al., 2017)
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SdrD

SdrE

Bone sialoprotein-
binding protein (Bbp;

isoform of SdrE)

Fibronectin binding
proteins (FnBP) A and
FnBPB

Collagen adhesin

(Cna)

Desmoglein 1

Complement factor

H

C4b binding protein

Fg a-chain

C4b binding protein
N2N3 subdomains
bind Fg y-chain,
elastin, and

plasminogen

FnBPB N2N3 also
binds Fn®

Fn binding repeats

bind Fn

FnBPA

Collagen

Complement

protein Clq

Adherence to human
desquamated nasal

epithelial cells

Evasion of complement

Adhesion to immobilised

Fg

Evasion of complement

Adherence to ECM®

Adherence to ECM

Adherence to ECM,

invasion of host cells

FnBPA-FnBPA homophilic
interactions mediate
biofilm accumulation,
FnBPB also mediates

biofilm formation

Host tissue adhesion

Prevents activation of

classical pathway of

complement

(Corrigan et al., 2009,
Askarian et al., 2016)

(Hairetal., 2013,
Zhangetal., 2017,
Sharp et al., 2012)

(zhang et al., 2015)

(Hair et al., 2013)
(Keane et al., 2007,
Burke et al., 2010,
Pietrocola et al., 2016,

Roche et al., 2004)

(Burke et al., 2011)

(Greene et al., 1995)

(O'Neill et al., 2008,
Geoghegan et al.,
2013, Herman-Bausier

et al., 2015)

(Zong et al., 2005)

(Kang et al., 2013)
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NEAT motif family

Iron-regulated surface Haem
determinant (Isd)
protein A

Unknown

Unknown

Unclear

lactoferrin

IsdB Haem, haemoglobin

B3 integrins

IsdC Haem

IsdH Haem, haptoglobin-
haemoglobin

complex

Unknown

Iron scavenging

Resistance to H,0,,

survival within neutrophils

Resistance to fatty acids
and peptides on human

skin

Adherence to
desquamated nasal
epithelial cells; nasal
colonisation

Resistance to lactoferrin

Iron scavenging

Invasion of host cells

Iron scavenging

Iron scavenging

Accelerated degradation
of C3b, reduce neutrophil

phagocytosis

(Hammer & Skaar,

2011)

(Palazzolo-Ballance et

al., 2008)

(Clarke et al., 2007)

(Clarke et al., 2006,
Clarke et al., 2009)

(Clarke & Foster, 2008)

(Hammer & Skaar,

2011)

(Zzapotoczna et al.,

2013)

(Hammer & Skaar,

2011)

(Hammer & Skaar,

2011)

(Visai et al., 2009)
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Three-helical bundle

family

Protein A Fc region of IgG

Fab region of IgM

TNFR-1
G5-E repeat family
S. aureus surface Unknown
protein (Sas) G
SasG

Legume-lectin like
family

Serine rich adhesin for N-acetylneuraminic

platelets (SraP) acid

BR domain

Evasion of

opsonophagocytosis
Nonspecific B cell
expansion (B cell

superantigen)

Pro-inflammatory

Adherence to
desquamated nasal

epithelial cells

G5-E repeats form

homophilic interactions

mediating biofilm

accumulation

Adherence to and invasion

into lung epithelial cells

BR domain forms

homophilic interactions;

biofilm accumulation

(Cedergrenetal.,

1993)
(Graille et al., 2000,

Falugi et al., 2013)

(Gomez et al., 2006,
Gomez et al., 2004)

(Corrigan et al., 2007)

(Geoghegan et al.,
2010,Corrigan et al.,
2007)

(Yang et al., 2014)

(Sanchez et al., 2010)

“Fg = fibrinogen
®Fn = fibronectin

“ECM = extracellular matrix
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1.4.6.3 Immune evasion

An important function of CWA proteins is in evasion of the host immune system (Table
1.1). Protein A forms multiple interactions with the host immune system which
promote S. aureus immune evasion and infection. Protein A binds the Fc region of I1gG
preventing opsonophagocytosis of S. aureus (Deisenhofer, 1981, Cedergren et al.,
1993). This is because the IgG becomes bound by protein A in the incorrect orientation
on the cell surface and is not recognised as an opsonin. Protein A is considered to be a
B cell superantigen as it binds the Fab region of IgM mediating nonspecific B cell clonal
expansion (Graille et al., 2000, Kim et al., 2015, Falugi et al., 2013). Protein A is also
pro-inflammatory through its binding and activation of TNFR-1 (Gomez et al., 2006,
Gomez et al., 2004).

The CWA proteins CIfA (Hair et al., 2010), SdrE (Hair et al., 2013, Zhang et al., 2017,
Sharp et al., 2012), Bbp (Hair et al., 2013) and IsdH (Visai et al., 2009) interfere with
the host complement system which is an important component of the host immune
response to S. aureus (Table 1.1). The complement system results in the production
and deposition of the opsonin C3b, thus, promoting phagocytosis of S. aureus, and the
production of the chemotactic molecule C5a which recruits phagocytes to the site of
infection (Spaan et al., 2013). Furthermore, IsdA confers resistance of S. aureus to
hydrogen peroxide promoting bacterial survival within neutrophils following
phagocytosis (Palazzolo-Ballance et al., 2008). IsdA also mediates S. aureus evasion of
innate immune defences on human skin (Clarke et al., 2007) and in the nares (Clarke &

Foster, 2008) (Table 1.1).
1.5 Biofilm formation by S. aureus

S. aureus is a leading cause of indwelling device related infections which typically
involve formation of a biofilm. A biofilm is a multicellular community formed under
specific conditions. Biofilm-associated infections also occur directly on host tissue,
independent of devices, such as in osteomyelitis and native valve endocarditis. S.
aureus biofilm formation is a multifactorial process and is traditionally considered to
occur through three distinct phases; primary attachment, accumulation and

maturation and biofilm dispersal (Fig 1.3). However, bacterial aggregation and the
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formation of biofilms that are not surface attached have been described and
associated with several types of infection including chronic wound infections and joint

infections (Crosby et al., 2016, Dastgheyb et al., 2015).
1.5.1 Primary Attachment

Primary attachment is the first phase in S. aureus biofilm formation whereby bacterial
cells adhere to an abiotic surface (abiotic attachment) such as a metal or plastic
indwelling medical device or to a biotic surface (biotic attachment) such as a medical
device that has become coated with host plasma proteins or to host tissue itself (Fig

1.3) (Speziale et al., 2014).

1.5.1.1 Abiotic attachment

Abiotic attachment is governed by the physiochemical properties of the device surface
and the bacteria itself. Thus, the properties of the device surface also play a large part
in abiotic attachment. To date, several factors have been identified which promote
adherence of S. aureus to abiotic surfaces including autolysins (Houston et al., 2011),
teichoic acids (Gross et al., 2001) and cell wall-anchored proteins (Schroeder et al.,

2009, Barbu et al., 2014, Feuillie et al., 2017, Cucarella et al., 2001, Li et al., 2012).

The cell wall-anchored major autolysin Atl was found to promote primary attachment
of S. aureus strains to hydrophilic and hydrophobic polystyrene (Houston et al., 2011,
Biswas et al., 2006) and glass surfaces (Biswas et al., 2006). This attachment is
mediated by the autolytic activity of Atl which causes some bacterial cells to lyse
releasing their DNA. This autolytic activity is zinc-dependent with Zn?* chelation
inhibiting Atl-mediated primary attachment (Geoghegan et al., 2013). Atl mediates
primary attachment of MRSA strains to both hydrophilic and hydrophobic surfaces
(Houston et al., 2011). However, for MSSA strains, Atl was found to be important for
attachment to hydrophobic and not hydrophilic surfaces (Houston et al., 2011).
Furthermore, the in vivo relevance of Atl-mediated primary attachment remains

unclear.

Wall teichoic acids and lipoteichoic acids have been implicated in abiotic primary

attachment of S. aureus (Gross et al., 2001). Specifically, deletion of dltA, which
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incorporates D-alanine residues into teichoic acids, reduced the ability of S. aureus to
adhere to polystyrene or glass surfaces (Gross et al., 2001). A reduction in D-alanine
esters in teichoic acids causes an increase in the overall negative charge of S. aureus. It
is hypothesized that this increased negative charge may increase repulsive forces
between the bacteria and the surface, decreasing attachment. However, deletion of
dItA in S. aureus is known to also affect surface proteins, exoproteins and autolysins
(Gross et al., 2001) and thus, there is likely be indirect effects of this mutation on
attachment. However, overexpression of d/tA increased primary attachment indicating
that the level of D-alanylation of teichoic acids likely plays a role in S. aureus

attachment to abiotic surfaces (Gross et al., 2001).

The cell wall-anchored S. aureus proteins SdrC (Barbu et al., 2014, Feuillie et al., 2017),
SasC (Schroeder et al., 2009), SasX (Li et al., 2012) and the biofilm-associated protein
(Bap) (Cucarella et al., 2001) also promote bacterial adherence to abiotic surfaces in
vitro. The ability of SdrC to promote bacterial attachment to abiotic surfaces was
further explored by measuring the binding forces between SdrC and either
hydrophobic or hydrophilic surfaces (Feuillie et al., 2017). SdrC interactions with
hydrophobic surfaces were much stronger than those to hydrophilic surfaces (Feuillie
et al., 2017). Thus, SdrC-mediated abiotic attachment to surfaces is likely due to
hydrophobic interactions. In general, the in vivo importance of mechanisms of S.

aureus abiotic attachment identified and, abiotic attachment itself, remain unclear.
1.5.1.2 Biotic Attachment

Biotic surfaces include indwelling devices coated with host plasma proteins fibrinogen,
fibronectin and vitronectin and host tissues such as heart valves, bone and skin.
Primary attachment of S. aureus to biotic surfaces is likely to be more relevant in vivo
as once a medical device is inserted it becomes coated with host plasma proteins
(Otto, 2008). Biotic attachment is mediated by the S. aureus cell wall-anchored
MSCRAMM proteins CIfA, CIfB, FnBPA and FnBPB (Vaudaux et al., 1995, Otto, 2008,
Que et al., 2005). CIfA, CIfB, FnBPA and FnBPB all bind the host plasma protein
fibrinogen via their N2N3 subdomains (Ganesh et al., 2008, Ganesh et al., 2011, Walsh
et al., 2008, Wann et al., 2000, Burke et al., 2010). FnBPA and FnBPB also mediate
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adherence of S. aureus to fibronectin through their fibronectin binding repeats and
this interaction was shown to promote attachment to biomaterials in vivo (Greene et
al., 1995). FnBPA and FnBPB have also recently been shown to bind plasminogen
which may be relevant to device related infections (Pietrocola et al., 2016).
MSCRAMM-mediated biotic attachment of S. aureus under shear has been
demonstrated. CIfA promoted attachment through binding fibrinogen on a shunt
surface under shear (Vaudaux et al., 1995) and binding of S. aureus to the endothelium
under shear was mediated by complexes of CIfA, von Willebrand factor binding protein
and host von Willebrand factor (Claes et al., 2017). Thus, S. aureus has several cell
wall-anchored proteins which can mediate biotic attachment and there are a number

of host ligands these proteins can bind to.
1.5.2 Biofilm Accumulation and Maturation

Following primary attachment to a device or host tissue, bacteria accumulate and
proliferate forming a mature biofilm (Fig 1.3). Biofilm accumulation involves
aggregation of S. aureus cells with two main mechanisms described; polysaccharide
intercellular adhesin (PIA)-dependent biofilm (Arciola et al.,, 2015) and protein-
dependent biofilm where accumulation is mediated by cell wall-anchored proteins
(O'Neill et al., 2007). In vivo studies have demonstrated fibrin-dependent biofilm
accumulation which involves both S. aureus and host factors (Zapotoczna et al., 2015,
Dastgheyb et al., 2015, Vanassche et al., 2013). Biofilm accumulation and maturation
can also involve the formation of a self-synthesized matrix composed of extracellular
DNA (Montanaro et al., 2011) and cytoplasmic proteins (Foulston et al., 2014). In vitro,
PIA-dependent biofilm formation was found to be more prevalent among methicillin
sensitive S. aureus (MSSA) strains and was stimulated by supplementation of media
with salt inferring osmotic stress (O'Neill et al., 2007). In contrast, protein-dependent
biofilm was more prevalent among methicillin resistant S. aureus (MRSA) strains in
vitro cultured in media supplemented with glucose leading to a low pH environment
(O'Neill et al., 2007). S. aureus grow and utilise the glucose as a nutrient source
releasing acetic acid which reduces the pH of the medium (O'Neill et al., 2007).
Scanning electron microscopy of PIA- and protein-dependent biofilms in vitro revealed

striking differences in the biofilm structures (Fig 1.4) (Vergara-Irigaray et al., 2009).
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PIA-dependent biofilm Protein-dependent biofilm

FIG 1.4. Scanning electron micrographs of PIA-dependent and protein-dependent
biofilms. PIA-dependent and protein-dependent biofilms of S. aureus formed in vitro
under continuous flow in TSB supplmented with NaCl or glucose, respectively, were
visualised by scanning electron microscopy. In the PIA-dependent biofilm S. aureus
cells are embedded in an extracellular matrix whereas in the protein-dependent
biofilm S. aureus cells are in close contact and no surrounding matrix is observed.

Taken from Vergara-Irigaray et al., 2009.
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Bacteria in the PIA-dependent biofilm were embedded in a polysaccharide matrix
whereas bacteria in the protein-dependent biofilm were closely associated to each
other but no matrix was observed (Fig 1.4) (Vergara-Irigaray et al., 2009). Another
important feature of a mature biofilm is channels within the biofilm structure which
are generated to allow delivery of essential nutrients to cells in the lower levels of the

biofilm (Le et al., 2014).

1.5.2.1 Polysaccharide Intercellular Adhesin.

One of the main mechanisms of biofilm accumulation is mediated by the positively
charged, exopolysaccharide polysaccharide intercellular adhesin (PIA). This type of
biofilm is often termed ‘PIA-dependent’ biofilm formation. PIA is a poly-B-(1-6)-N-
acetylglucosamine (PNAG). PIA is partially deactylated leading to its positive charge
and ~10 % of the N-acetylglucosamine units are modified with O-succinyl groups (Atkin
et al., 2014). The synthesis of PIA is mediated by genes of the ica locus, icaADBC
(Heilmann et al., 1996, Cramton et al., 1999). The ica locus is not part of the core
genome of S. aureus but is found in the majority of S. aureus clinical isolates. Each
gene in the locus has an important role in the production and surface display of PIA.
PNAG polymers are synthesized from UDP-N-acetylglucosamine by the enzyme IcaA in
conjunction with IcaD (Arciola et al., 2015). IcaC is an integral membrane protein
considered to translocate PIA to the surface of S. aureus (Arciola et al.,, 2015).
However, the absence of the icaC gene in ica operons in other Gram-positive species
suggest it is unlikely to function as the translocase and may have a function specific to
certain staphylococcal species including S. aureus and S. epidermidis (Atkin et al.,
2014). It is likely that IcaA and IcaD synthesize and also translocate PIA. Analysis of the
IcaC sequence indicated it may function as an O-succinyltransferase modifying the
polymer as it is translocated (Atkin et al., 2014). Following translocation, IcaB mediates

the partial deacetylation of the exopolysaccharide (Arciola et al., 2015).

Positively charged PIA interacts electrostatically with negatively charged teichoic acids
on the surface of adjacent S. aureus cells mediating cell-cell interactions and biofilm
accumulation (Formosa-Dague et al.,, 2016a). During this PIA-dependent biofilm
accumulation and maturation the bacterial cells become embedded in a polymeric

matrix where PIA is an important structural component (Fig 1.4) (Formosa-Dague et
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al., 2016a, Vergara-Irigaray et al., 2009). It has also been reported that PIA promotes
S. epidermidis attachment to orthopaedic biomaterials (Olson et al., 2006). Thus, PIA

may have a second role in biofilm formation.

1.5.2.2 Cell wall-anchored proteins

The other main mechanism of biofilm accumulation is mediated by S. aureus cell wall-
anchored proteins. This has been termed ‘protein-dependent’ or ‘ica-independent’
biofilm formation. A role for proteins in biofilm accumulation was initially discovered
when strains lacking the ica locus or where the ica locus had been deleted were found
to still form biofilm (O'Neill et al., 2007). This initial observation was followed by many
in depth studies identifying specific cell wall anchored-proteins which mediate biofilm
accumulation. To date, several S. aureus cell wall-anchored proteins have been
implicated in protein-dependent biofilm, namely fibronectin binding proteins (FnBP) A
and B (Geoghegan et al., 2013, O'Neill et al., 2008, McCourt et al., 2014, Vergara-
Irigaray et al., 2009), serine aspartate repeat protein (Sdr) C (Barbu et al., 2014), serine
rich adhesion for platelets (SraP) (Sanchez et al., 2010), clumping factor B (CIfB)
(Abraham & Jefferson, 2012), protein A (Merino et al., 2009), biofilm-associated
protein (Bap) (Cucarella et al., 2001), S. aureus surface proteins (Sas) C (Schroeder et
al., 2009) SasG (Corrigan et al., 2007, Geoghegan et al., 2010) and SasX (Li et al., 2012).
The protein mediating biofilm accumulation varies between strains and is not
necessarily limited to a single protein for each strain (Barbu et al., 2014, O'Neill et al.,
2008). Until recently the mechanism of protein-dependent biofilm accumulation was
unclear but growing evidence strongly implicates homophilic interactions of the cell
wall-anchored proteins on adjacent bacteria leading to biofilm accumulation (Barbu et
al., 2014, Geoghegan et al., 2010, Sanchez et al., 2010, Yang et al., 2014, Herman-
Bausier et al., 2015).

1.5.2.2.1 Fibronectin binding protein-mediated biofilm accumulation

Fibronectin binding protein (FnBP) A and B are members of the MSCRAMM family of S.
aureus cell wall-anchored proteins. FnBPA and FnBPB promote biofilm formation in
clinically relevant lineages; clonal complex (CC) 8 and CC22, of S. aureus including both

hospital associated (HA-) and community associated (CA-) MRSA strains (O'Neill et al.,
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2008, McCourt et al., 2014, Planet et al., 2013, Mashruwala et al., 2017). Disruption of
both fnbA and fnbB genes reduced the ability of HA-MRSA strain BH1CC and CA-MRSA
strain LAC to form biofilm (O'Neill et al., 2008, Geoghegan et al., 2013, McCourt et al.,
2014). However, mutation of either fnbA or fnbB alone in BH1CC did not reduce
biofilm (O'Neill et al., 2008) indicating that FnBPA and FnBPB may compensate for
each other in biofilm formation. Furthermore, biofilm formation of double fnbAfnbB
mutants could be complemented by expression of either FNnBPA or FnBPB on a
multicopy plasmid (O'Neill et al., 2008, McCourt et al., 2014). In vivo FnBPs have been
shown to promote catheter colonisation by S. aureus strain 132 in a mouse model of
infection (Vergara-Irigaray et al., 2009). Mutation of fnbA or fnbB alone in S. aureus
strain 132 reduced the level of biofilm formed in vitro although a larger reduction in
biofilm was associated with mutation of fnbB. This indicated that both FnBPA and
FnBPB contribute to biofilm formed by S. aureus strain 132 but that FnBPB is likely to
have a more prominent role (Vergara-Irigaray et al., 2009). FnBPs are also required for
biofilm formation induced by the polyamine spermidine in CA-MRSA USA300 strains
which may be important for colonisation of the skin (Planet et al, 2013). Under
fermentative conditions, FNBPA promotes biofilm formed by the CA-MRSA strain LAC
(Mashruwala et al., 2017). This may be important for biofilm infections of host tissues,
wounds and orthopedic implanted devices where hypoxic and anoxic conditions are
encountered (Mashruwala et al., 2017). Thus, the contribution of FnBPA and/or FnBPB
to S. aureus biofilm is strain- and condition-dependent. Notably, although the majority
of S. aureus strains carry both fnbA and fnbB genes, some strains carry only fnbA

(Peacock et al., 2000).

Studies into the molecular mechanism underlying FnBPA-mediated biofilm
accumulation found that FnBPA proteins on adjacent cells form homophilic
interactions allowing bacteria to aggregate and biofilm to accumulate (Herman-
Bausier et al., 2015). These interactions have been localised to FnBPA N2N3
subdomains (Geoghegan et al., 2013) and were shown to consist of multiple weak
interactions between FnBPA proteins on adjacent cells (Herman-Bausier et al., 2015).
The exact residues involved in FNnBPA homophilic interactions remain unknown.

Furthermore, FnBP-mediated biofilm of S. aureus is dependent upon the metal zinc
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(Geoghegan et al., 2013) whereby chelation of Zn?* abolishes the ability of S. aureus to
form an FnBP-dependent biofilm. The ability to form biofilm can subsequently be

restored through addition of exogenous Zn>* (Geoghegan et al., 2013).
1.5.2.2.2 Serine aspartate repeat protein C

The S. aureus serine aspartate repeat protein C (SdrC) is also a member of the
MSCRAMM family of S. aureus cell wall-anchored proteins. SdrC has been shown to
mediate biofilm accumulation in the S. aureus lab strain Newman (Barbu et al., 2014).
SdrC mediates biofilm accumulation through homophilic interactions of its N2
subdomain (Barbu et al., 2014) which, like FnBPA, are weak in binding force (Feuillie et
al., 2017). Two pentamer amino acid motifs within the N2 subdomain of SdrC; ‘RPGSV’
and ‘VDQYT’, have been implicated as dimerization sites of SdrC through phage display
experiments (Barbu et al., 2014). Phage expressing each motif was bound by
recombinant SdrC N2N3 protein. Furthermore, addition of phage expressing each
motif individually reduced SdrC N2 dimerization in vitro by approximately 50 %, while
phage expressing both motifs abolished this dimerization. In the case of SdrC, biofilm

is inhibited in the presence of manganese ions (Barbu et al., 2014).
1.5.2.2.3 Clumping factor B

Another MSCRAMM clumping factor B (CIfB) was found to mediate biofilm
accumulation in conditions where calcium is depleted (Abraham & Jefferson, 2012).
ClfB-mediated biofilm was partially dependent upon the lack of expression of
aureolysin, a protease which cleaves CIfB, in the S. aureus strain 10833 (Abraham &
Jefferson, 2012). Furthermore, chelation of calcium was found to have strain-
dependent effects on S. aureus biofilm formation; in some cases inhibiting biofilm
formation and in other cases enhancing CIfB-dependent biofilm formation (Abraham
et al., 2012). The molecular mechanism underlying CIfB-mediated biofilm has not been

characterised.
1.5.2.2.4 S. aureus surface protein G

The S. aureus surface protein G (SasG) is a member of the G5-E repeat family of S.

aureus cell wall-anchored proteins. SasG is not expressed by typical S. aureus lab
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strains grown in vitro but the SasG protein is produced by clinical isolates of S. aureus
(Corrigan et al., 2007). Furthermore, a previous study found SasG associated with
disease isolates whereby presence of the sasG gene was more common among S.
aureus invasive isolates than carriage isolates (Roche et al., 2004). However, SasG-
mediated biofilm accumulation has only been studied by expression of SasG on

plasmids in lab strains and has not been demonstrated in clinical isolates to date.

During S. aureus growth, limited cleavage within the C-terminal G5-E repeat region of
SasG occurs causing the N-terminal A domain to be released and exposing the SasG
G5-E domains (Geoghegan et al., 2013). These exposed G5-E repeats on neighbouring
bacteria interact in a homophilic manner (Geoghegan et al., 2010, Formosa-Dague et
al., 2016b) and mediate biofilm accumulation. At least five G5-E repeats are required
for SasG to mediate biofilm accumulation (Corrigan et al., 2007). Like FnBP-mediated
biofilm accumulation, SasG-mediated biofilm is dependent upon Zn”* (Geoghegan et

al., 2010, Formosa-Dague et al., 2016b).
1.5.2.2.5 Protein A

The S. aureus IgG-binding protein, protein A was previously found to promote bacterial
aggregation and biofilm formation (Merino et al., 2009). However, this protein A-
mediated biofilm phenotype was observed only when protein A was overexpressed
from a plasmid in the S. aureus lab strain Newman and in L. lactis or in S. aureus
mutants with inactive two-component systems agr or arlRS (Merino et al., 2009).
These two component systems negatively regulate biofilm formation in S. aureus.
Thus, the biological relevance of protein A-mediated biofilm in a wild-type S. aureus
strain is unclear. Interestingly, a role for protein A in biofilm was not limited to cell
wall-anchored protein A with exogenous protein A or protein A present in S. aureus
culture supernatants increasing biofilm formation (Merino et al., 2009). The molecular
mechanisms underlying biofilm mediated by both cell wall-anchored and extracellular

released protein A are yet to be identified.
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1.5.2.2.6 S. aureus surface protein C

The S. aureus surface protein C (SasC) mediates bacterial aggregation and biofilm
accumulation (Schroeder et al., 2009). A transposon mutant of SasC in the S. aureus
lab strain SH1000 had a reduced ability to form biofilm (Schroeder et al., 2009).
Furthermore, expression of SasC in the surrogate host S. carnosus or overexpression of
SasC in SH1000 on a plasmid promoted bacterial aggregation and biofilm formation.
SasC-mediated biofilm was localised to its N-terminal domain (Schroeder et al., 2009)
although the molecular mechanism is yet to be determined. The sasC gene was found
to be present in 66 of 68 clinical isolates by polymerase chain reaction (PCR)
(Schroeder et al., 2009). However, whether SasC is expressed on the surface of these
clinical isolates and mediates biofilm in these strains has not been assessed. In the
case of S. aureus strains COL, SH1000 and 4074, only a low level of surface displayed
SasC was detected in vitro (Schroeder et al., 2009). However, expression of SasC in vivo

has been reported (Clarke et al., 2006).
1.5.2.2.7 Serine rich adhesin for platelets

The serine rich adhesin for platelets (SraP) was found to promote biofilm formation of
the S. aureus lab strain ISP479C (Sanchez et al., 2010). The BR domain of SraP is likely
to be involved in mediating biofilm accumulation. Recombinant SraP BR domain
protein adhered to immobilised lysates of wild-type S. aureus but not lysates of S.
aureus AsraP bacteria (Sanchez et al., 2010). The BR domain of SraP contains two
cadherin-like subdomains (CDHL-1 and CDHL-2) which dimerise in vitro (Yang et al.,
2014). In the solved crystal structure of the CDHL subdomain dimer, the SraP proteins
lie parallel with the CDHL-2 of one protein interacting at the junction of the CDHL-1
and CDHL-2 of the adjacent protein (Yang et al., 2014). This dimerization of the CDHL
subdomains supports the likelihood that SraP mediates biofilm through homophilic BR

domain interactions.
1.5.2.2.8 Biofilm-associated protein

The biofilm-associated protein (Bap) was the first cell wall-anchored protein found to

mediate biofilm accumulation of S. aureus (Speziale et al., 2014). Bap promotes biofilm
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formation in chronic mastitis clinical isolates but the bap gene is not carried by human
isolates of S. aureus (Arrizubieta et al., 2004, Cucarella et al., 2001). A role for Bap in
biofilm formation was identified through the generation of a transposon mutant
library in the biofilm-forming mastitis S. aureus isolate V329 where insertions in the
bap gene abolished the ability of strain V329 to form a biofilm (Cucarella et al., 2001).
Biofilm mediated by Bap is also affected by the presence of metals. In contrast to CIfB,
Bap-mediated biofilm formation is inhibited by calcium (Arrizubieta et al., 2004).
Similar to SdrC, biofilm formed by Bap is also inhibited by manganese (Arrizubieta et
al., 2004). Furthermore, Bap was found to promote catheter colonisation in the later
stages of infection in vivo in a mouse foreign body model of infection (Cucarella et al.,

2001).
1.5.2.2.9 S. aureus surface protein X

The S. aureus surface protein X (SasX) promotes bacterial aggregation and biofilm
formation (Li et al., 2012). The molecular mechanisms underlying SasX-mediated
biofilm remain unknown. SasX is a particularly interesting biofilm accumulation factor
as, unlike the other chromosomally encoded factors described here, SasX is encoded
on a mobile genetic element; a prophage. SasX carriage has mainly been associated
with strains of the ST239 clone; the major MRSA clone in Asia (Li et al., 2012).
However, the frequency of SasX carriage among other S. aureus sequence types and,
in general, in invasive isolates and MRSA isolates was found to be increasing over time
(Li et al., 2012). Notably, SasX carriage is predominantly associated with hospital
settings. This presents the possibility of biofilm accumulation factors being spread

among S. aureus strains by horizontal gene transfer.
1.5.2.3 Fibrin-dependent biofilm accumulation.

Fibrin-dependent biofilm accumulation by S. aureus utilises host proteins to build the
biofilm scaffold (Zapotoczna et al., 2015, Dastgheyb et al., 2015, Vanassche et al.,
2013). Staphylothrombin complexes are formed through the binding of S. aureus
coagulases; staphylocoagulase or von Willebrand factor-binding protein, to host
prothrombin (Vanassche et al., 2013). Staphylothrombin mediates the conversion of

monomeric fibrinogen to polymerized fibrin. This insoluble fibrin is bound by cell wall-
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anchored MSCRAMM proteins and forms the biofilm scaffold. In this regard, CIfA, CIfB,
FnBPA and FnBPB have been implicated in fibrin-dependent biofilm accumulation
(Dastgheyb et al., 2015). Fibrin-dependent biofilm accumulation has béen associated
with indwelling device related infections (Zapotoczna et al., 2015, Dastgheyb et al.,
2015, Vanassche et al., 2013) and joint infections (Dastgheyb et al., 2015). Fibrin-
dependent biofilms may be surface attached or free floating (Crosby et al., 2016,

Dastgheyb et al., 2015).
1.5.2.4 Extracellular DNA and cytoplasmic proteins

During biofilm accumulation and maturation, S. aureus cells may become embedded in
a self-synthesized matrix. Extracellular DNA (eDNA) is a major component of these
matrices where it acts as a ‘glue’ linking cells together allowing biofilm to accumulate
(DeFrancesco et al., 2017, Montanaro et al., 2011). The negative charge of DNA is
important in biofilm accumulation and may link positively charged polymers including
the exopolysaccharide PIA (Otto, 2008). The release of eDNA is likely to be a result of
autolysis of a small number of cells within the biofilm (Otto, 2008), although other
mechanisms of eDNA release have been reported (DeFrancesco et al., 2017). Several
enzymes have been implicated in this autolysis of cells and eDNA release. One,
example is CidA which regulates murein hydrolase activity (Rice et al., 2007). Mutation
of cidA in the MSSA clinical isolate UAMS-1 reduced levels of eDNA within the biofilm

and overall biofilm formation (Rice et al., 2007).

Along with eDNA and PIA, cytoplasmic proteins have been reported as components of
biofilm matrices through mass spectrometric analysis (Foulston et al., 2014). Biofilm-
associated cytoplasmic proteins are considered to be ‘moonlighting’ or being recycled
as components of the extracellular matrix. The cytoplasmic proteins aggregate at the
surface of S. aureus cells in a low pH-dependent manner and this aggregation is
thought to form a matrix surrounding cells and linking them together (Foulston et al.,
2014). It is worth noting that the study by Foulston et al. (2014), exclusively assessed
MSSA strains and not MRSA strains, where cell wall-anchored protein-dependent
biofilm formation was found to be more prevalent (O'Neill et al., 2007). Furthermore,

such cell wall-anchored protein-dependent biofilms were not embedded in a self-
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synthesized matrix when viewed by scanning electron microscopy unlike PIA-
dependent biofilms (Fig 1.4; Vergara-Irigaray et al., 2009). Thus, the importance of
biofilm matrices and each accumulation factor varies among S. aureus strains and

infection sites.
1.5.3 Biofilm Dispersal

The final phase of S. aureus biofilm formation is dispersal whereby bacterial cells
detach from the biofilm and can disseminate to other sites (Fig 1.3). Thus, biofilms
serve as foci for secondary infections, where bacteria originally associated with a
biofilm infection can cause secondary infections at other body sites. A large proportion
of S. aureus bloodstream infections are due to initial catheter-associated infections
(Hogan et al., 2015). S. aureus biofilm dispersal is mediated by secreted surfactants

and enzymes which destabilize the mature biofilm structure.

Phenol soluble modulins (PSMs) have been shown to mediate S. aureus biofilm
dispersal in vitro and in vivo (Periasamy et al., 2012). PSMs are small, amphipathic
peptides with a-helical secondary structures. S. aureus expresses seven PSMs; four
PSMa peptides, two PSM Bpeptides and &-toxin (Le et al., 2014). The PSMa. peptides
are smaller; ~20 amino acids in length while the PSMB peptides are ~44 amino acids in
length (Le et al., 2014). All three types of PSMs were found to mediate biofilm
dispersal through their nonspecific surfactant activity (Periasamy et al, 2012). An
isogenic deletion mutant of the three types of PSMs had reduced dissemination in
comparison to the parental CA-MRSA USA300 strain LAC in a mouse catheter model of

infection (Periasamy et al., 2012).

Other mechanisms of biofilm dispersal have been identified which are dependent
upon the type of mature biofilm formed unlike the nonspecific activity of PSMs which
can mediate dispersal of most biofilms (Lister & Horswill, 2014). These include
protease-mediated biofilm dispersal. S. aureus can secrete up to ten different
proteases which can degrade proteins in the mature biofilm (Lister & Horswill, 2014).
This destabilises the biofilm structure and facilitates dispersal. Of course protease-
mediated biofilm dispersal is only relevant to mature biofilms where proteins are a

component such as in protein-dependent biofilms or extracellular matrices containing
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cytosolic proteins. Interestingly, the protease Esp secreted by S. epidermidis can
disperse S. aureus biofilms and is important in competition between these strains for
colonisation of the nares (Lister & Horswill, 2014). Upregulation of protease
production through activation of the accessory gene regulator (Agr) system has been
reported to mediate biofilm dispersal (Boles & Horswill, 2008). Agr is a quorum sensing
system which is stimulated by autoinducing peptides (AIP) and is a master regulator of
S. aureus virulence factors and adhesins. Activated Agr upregulates virulence factor
expression such as toxins and downregulates expression of PSMs and microbial
surface components such as cell wall-anchored proteins (Le & Otto, 2015).
Interestingly, low Agr activity and agr defective mutants are thus, known to enhance S.
aureus biofilm formation (Le & Otto, 2015, Boles & Horswill, 2008) while, activation of
Agr by AIP causes biofilm dispersal through the upregulation of proteases (Boles &
Horswill, 2008). This is an interesting observation which implicates the Agr system at
the interface between planktonic and biofilm-associated S. aureus (Boles & Horswill,
2008) whereby low Agr activity promotes biofilm formation and maintenance whereas
activation of Agr through AIP leads to biofilm dispersal and reversion to a planktonic
lifestyle. This Agr activation would also upregulate virulence factors in the dispersed,
planktonic S. aureus which would be advantageous in subsequent acute infections in

other body sites.

S. aureus nucleases, in particular the main nuclease (Nuc) and to a lesser extent the
second nuclease of S. aureus, Nuc2, also mediate biofilm dispersal (Lister & Horswill,
2014). The expression of nucleases causes degradation of eDNA within the biofilm
matrix mediating biofilm dispersal. Deletion of nuc resulted in enhanced eDNA levels
and overall biofilm formation whereas addition of Nuc caused a reduction in S. aureus
biofilm formation (Mann et al., 2009, Kiedrowski et al., 2011). The production of D-
amino acids during stationary phase S. aureus growth has also been implicated in
biofilm dispersal (Kolodkin-Gal et al., 2010) although the mechanism underlying D-
amino acid-mediated dispersal is unclear. Apart from PSM-mediated biofilm dispersal,
the other mechanisms of biofilm dispersal described here have been limited to in vitro

studies with their in vivo relevance yet to be assessed.

35



1.6 Similarities of biofilm formation by S. epidermidis

The coagulase-negative staphylococcal species S. epidermidis is also a leading cause of
indwelling device related infections that involve formation of a biofilm (Buttner et al.,
2015). S. epidermidis is traditionally considered a commensal bacterium which
colonises the skin and nares of healthy individuals. However, with advances in
modern medicine and the use of indwelling devices S. epidermidis has become an
opportunistic pathogen (Becker et al., 2014a). S. epidermidis biofilm is also considered
to occur over the same three distinct phases; primary attachment, accumulation and
maturation and dispersal. There are many similarities between S. epidermidis and S.

aureus factors which mediate primary attachment and biofilm accumulation.

Similarly to S. aureus abiotic attachment, the major autolysin AtIE of S. epidermidis has
been shown to promote bacterial attachment to polystyrene surfaces (Heilmann et al.,
1997). AtIE was also shown to promote adherence of S. epidermidis to biotic surfaces
through binding of vitronectin (Heilmann et al., 1997). S. epidermidis also expresses a
number of cell wall-anchored MSCRAMMs which mediate S. epidermidis attachment
to biotic surfaces. These MSCRAMMs are the Sdr proteins SdrG, SdrF and SdrH. SdrG
binds the B-chain of fibrinogen through its N2N3 subdomains by DLL (Ponnuraj et al.,
2003, Bowden et al., 2008) while SdrF binds type | collagen via its B repeats

(Arrecubieta et al., 2007).

Several factors mediating biofilm accumulation of S. epidermidis are similar to those in
S. aureus. PIA also mediates biofilm accumulation in many S. epidermidis strains and
eDNA has also been associated with S. epidermidis biofilm matrices; linking cells and
promoting biofilm accumulation (Buttner et al., 2015). Like protein-dependent biofilm
formation in S. aureus, several cell wall anchored-proteins of S. epidermidis promote
biofilm accumulation. The accumulation-associated protein (Aap) of S. epidermidis is a
G5-E repeat protein which is orthologous to SasG of S. aureus. Aap, like SasG, mediates
biofilm accumulation which is zinc-dependent through homophilic interactions of its
G5-E domains (Rohde et al., 2005, Conrady et al., 2008, Conrady et al., 2013).
However, unlike SasG, the A domain of Aap has been associated with promoting

primary attachment to abiotic surfaces (Conlon et al., 2014, Schaeffer et al., 2015).
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Thus, Aap has a dual function in promoting S. epidermidis biofilm formation. The in
vivo relevance of Aap-mediated biofilm was demonstrated in a rat catheter model of
infection (Schaeffer et al., 2015). The S. epidermidis surface protein (Ses) C is a cell
wall-anchored protein which is distantly related to CIfA of S. aureus (Buttner et al.,
2015). SesC promotes biofilm formation although the underlying mechanism remains
unclear (Buttner et al., 2015). Furthermore, Bap—mediated biofilm has also been

observed in S. epidermidis (Tormo et al., 2005).

1.7 Difficulties in the treatment of biofilm infections

1.7.1 Resistance to host immune phagocytosis

S. aureus biofilms are resistant to host immune phagocytosis and often cause chronic
infections. In many ways, formation of a biofilm could be considered an immune
evasion strategy employed by S. aureus. The polymorphonuclear leucocytes (PMNs);
neutrophils and macrophages, are the main host response which clear S. aureus
planktonic bacteria. However, the situation in a biofilm is quite different. In terms of
the biofilm structure, bacteria in a biofilm are surrounded in a bacterial community or
embedded in a matrix. Penetration of a biofilm is very difficult and thus, immune cells
have limited access to bacteria for clearance. The semi-dormant state of bacteria in a
biofilm likely leads to less detection than actively growing, toxin-producing bacteria.
Furthermore, bacteria may be shielded from immune detection by matrix
components. S. epidermidis PIA (Vuong et al., 2004) and host fibrin utilised by S.
aureus in its biofilm scaffold (Zapotoczna et al., 2016) have been shown to protect
bacteria from phagocytosis. Bacterial biofilms have also been shown to have increased
resistance to antimicrobial peptides (AMPs) which is likely a result of electrostatic
repulsion of such AMPs by components of the biofilm (Otto, 2008). In S. epidermidis,
PIA was shown to infer resistance to both cationic and anionic AMPs (Vuong et al.,

2004).

In studies of human patients with orthopaedic device-associated infections, PMNs
were found to be prevalent at the biofilm site (Paharik & Horswill, 2016). However,
their efficacy against bacteria in a biofilm appears to be much lower than against
planktonic bacteria. Studies involving in vitro co-culture of macrophages with S. aureus

biofilms observed very little phagocytosis by the macrophages (Scherr et al., 2013,
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Thurlow et al., 2011). Interestingly, studies assessing macrophage responses to S.
aureus biofilms have found that S. aureus biofilms actively alter the immune response
of macrophages to an M2 macrophage response which is anti-inflammatory and pro-
fibrotic (Paharik & Horswill, 2016, Scherr et al., 2014). In contrast, the M1 macrophage
response which is pro-inflammatory is favoured in response to S. aureus acute
infections involving planktonic bacteria (Paharik & Horswill, 2016, Scherr et al., 2014).
It has also been found that S. aureus biofilms attenuate the levels of pro-inflammatory

mediators at the local site of infection (Scherr et al., 2014).

Differences in gene expression between S. aureus cells in a biofilm and planktonic cells
may also reflect differences in the capability of the host to clear bacteria in a biofilm
(Scherr et al., 2014). Co-culture of macrophages with an S. aureus biofilm resulted in a
large downregulation of genes within the bacteria indicating they may alter their gene
expression to avoid macrophage detection and clearance (Scherr et al., 2014).
Interestingly, such major gene expression alterations in bacterial cells in a biofilm
where not observed in response to neutrophils which may hint at M1 macrophages as
a more significant threat to biofilms than neutrophils. When added exogenously, M1
macrophages were able to clear established biofilms whereas exogenous addition of

neutrophils did not have much effect on S. aureus biofilms in vitro (Scherr et al., 2014).
1.7.2 Recalcitrance to conventional antibiotics

Once a mature S. aureus biofilm is formed, it is extremely difficult to treat as it is
recalcitrant to conventional antibiotics. Thus, treatment often involves removal of the
indwelling device (Hogan et al., 2015). This recalcitrance is another major reason that
biofilm infections can be chronic. Astoundingly, increases in minimum inhibitory
concentrations (MIC) of antibiotics of 1000-fold have been reported for bacteria in a
biofilm in comparison to a planktonic state (Olson et al., 2002). The main reasons for
the biofilm recalcitrance to antibiotics are the semi-dormant nature of bacteria
themselves within a biofilm (Otto, 2008), the presence of persister cells (Conlon, 2014)

(Singh et al., 2009) and the overall structure of the biofilm (Otto, 2008).

Bacteria in a biofilm lie in a low-energy, semi-dormant state. Although the bacteria

themselves may not have acquired resistance to the antibiotic, they are largely
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unaffected. This is because conventional antibiotics target essential processes in
growing cells such as protein synthesis and peptidoglycan synthesis among others.
Bacteria in a mature biofilm are not actively growing and thus, remain unaffected by
these antibiotics. Persister cells also play a pivotal role. Persister cells are a sub-
population of bacterial phenotypic variants that are unresponsive to antibiotics
(Conlon, 2014). There is an increased abundance of these persister cells in S. aureus
biofilms (Singh et al., 2009). A model for the role of persister cells in relapsing biofilm
infections has been proposed (Conlon, 2014) where bacterial cells are protected from
host immune clearance by matrix components. Upon antibiotic treatment the majority
of the cells in the biofilm are killed but a sub-population of persister cells survive.
When the antibiotic pressure is removed these persister cells then revert to an actively

growing state and repopulate the biofilm (Conlon, 2014).

The biofilm structure also limits the effectiveness of antibiotic intervention. This is
because the antibiotic must penetrate and diffuse through the biofilm structure to
reach its target. Components of the mature biofilm may also be electrostatically
repulsive to some antibiotics. For example, PIA has been shown to repel antimicrobial
peptides in this manner (Vuong et al., 2004). Furthermore, it is also possible that
components of the mature biofilm may sequester antimicrobial compounds

preventing them reaching their target site (Otto, 2008).

1.7.3 Antibiotic resistance

Along with the refractive nature of biofilms to antibiotics, many S. aureus biofilm
infections are caused by antibiotic resistant strains, in particular, MRSA strains. This
further complicates treatment options. The main targets of antibiotics against S.
aureus are the cell envelope, protein synthesis and nucleic acid synthesis. S. aureus
strains have been able to develop resistance to most, if not all, antibiotics used
clinically (Foster, 2017). The development of antibiotic resistance in S. aureus may be
acquired by horizontal gene transfer of mobile genetic elements or through mutation
of chromosomal genes leading to alteration of the drug target or the upregulation of
efflux pumps already present on the S. aureus chromosome (Foster, 2017). For
conventional antibiotics which are natural products resistance mechanisms typically

exist in nature either in the antibiotic producing species itself for protection or among
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competitors in their natural environment and these may be horizontally transferred

(Foster, 2017).

In particular, MRSA strains (Section 1.7.3.1) are widespread and may be hospital
associated (HA) or community associated (CA) (Chambers & Deleo, 2009). A 2014
report from the World Health Organization (WHO) found that in five of six WHO
regions surveyed MRSA rates of 50 % or more were recorded (WHO, 2014). Both an
increased risk of mortality and increased hospital expenses were associated with
MRSA versus MSSA infections (WHO, 2014). However, the overall incidence of MRSA
infections in North America and Ireland has considerably decreased by 31 % from
2005-2011 (Dantes et al, 2013) and 27.1 % from 2004-2016 (HSPC, 2016),
respectively. However, despite this reduction a considerable number of cases of
invasive MRSA infections; ~80,000 in North America, were recorded in 2011 (Dantes et

al., 2013).

The glycopeptide antibiotic vancomycin is the most commonly used treatment for
invasive MRSA infections (NCEC, 2013). Vancomycin resistance has been widely
reported in enterococci. However, vancomycin resistant S. aureus strains have only
been reported on a few occasions and there is a significant fitness cost to high level
vancomycin resistance in these strains (Foster, 2017). As a result, widespread
resistance has not emerged. However, S. aureus strains with an increased MIC to
vancomycin, but not high level resistance, described as vancomycin-intermediate S.
aureus strains, exist and can cause vancomycin treatment failure (Foster, 2017). This
intermediate resistance to vancomycin typically involves the accumulation of up to six
mutations in different genes which lead to overall alterations and increased thickness
of the S. aureus cell envelope rendering the bacteria less susceptible to vancomycin

(Foster, 2017).
1.7.3.1. Methicillin resistant S. aureus

Methicillin is a B-lactam antibiotic which targets the transpeptidase domain of
penicillin binding protein (PBP) 2 by binding at its active site serine (Foster, 2017).
PBPB2 has two important functions in the formation of the bacterial cell wall

peptidoglycan. PBP2 is a transglycosylase which removes the disaccharide
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pentapeptide of peptidoglycan from lipid Il and attaches it to the growing
peptidoglycan chains. PBP2 is also a transpeptidase mediating the pentaglycine cross-
bridge formation. Methicillin resistance was gained by S. aureus through the
acquisition of staphylococcal chromosomal cassettes (SCC) which contain the mecA
gene (SCCmec) (Peacock & Paterson, 2015). The mecA gene encodes an alternative
PBP2 known as PBP2a or PBP2’ whose transpeptidase active site serine is buried and

thus, is not accessible for B-lactam binding (Peacock & Paterson, 2015).

Initially, HA-MRSA strains were observed in the 1960s (Chambers & Deleo, 2009). HA-
MRSA strains typically cause bacteraemia, wound and indwelling device-related
infections in patients. HA-MRSA strains are associated with lower virulence, high B-
lactam resistance, carry large SCCmec elements and are also typically resistant to
multiple drugs (Rudkin et al., 2012). In contrast, CA-MRSA strains emerged in the
1990s and were unusual, in that they were infecting otherwise healthy individuals
(Chambers & Deleo, 2009, Deleo et al., 2010). CA-MRSA strains are associated with
severe skin and soft tissue infections (DelLeo et al., 2010). They are hypervirulent, carry
smaller SCCmec elements and have lower levels of B-lactam resistance in comparison
to HA-MRSA strains (Rudkin et al., 2012). CA-MRSA strains are typically not resistant to
multiple antibiotics (Deleo et al., 2010). Studies have found that HA-MRSA strains
sacrifice their virulence for high level antibiotic resistance which is more importantin a
hospital setting (Rudkin et al., 2012). In comparison, in the community, among healthy
individuals where antibiotic pressure is much lower, it is more advantageous for CA-

MRSA strains to be highly virulent.

1.8 Treatment and prevention of S. aureus biofilm infections

Treatment of bacteria within a biofilm is very different from treatment of planktonic
bacteria. As described previously, S. aureus biofilms are recalcitrant to conventional
antibiotics and resistant to host immune phagocytosis. Thus, treatment strategies that
are effective against infections of planktonic S. aureus are not effective against biofilm
infections. There has been a considerable amount of research into strategies for
treating and preventing biofilm infections including the development of anti-biofilm
agents and vaccines. As S. aureus biofilm formation is clearly a multifactorial process it

is very difficult to identify a single factor that could be targeted.
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1.8.1 Anti-biofilm agents

Anti-biofilm strategies have been investigated, which, instead of killing the bacteria
interfere with processes involved in biofilm formation. Anti-biofilm agents have been
investigated targeting each stage of biofilm development and several will be discussed

here.
1.8.1.1 Preventing S. aureus primary attachment

Prevention of S. aureus primary attachment may be achieved by altering the
device/site of primary attachment or by inhibiting the bacterial factors such as
MSCRAMMs which promote S. aureus primary attachment. A lot of research has
explored the former i.e. altering the medical device surface to prevent bacterial
attachment. These have included altering the physiochemical properties of the device
such as its charge, hydrophilicity and roughness, coating the device with antibiotics,
metals such as silver and platinum, which have antibacterial properties, or antiseptics
(Hogan et al., 2015). In general, negatively charged, hydrophilic surfaces with low
surface energy show reduced bacterial attachment. These strategies have also been
assessed in combination with antimicrobials whereby planktonic cells are prevented
from attaching to the device and, in their planktonic state, are killed by the
antimicrobial. However, such broad use of antibiotics or antiseptics has a major
drawback as it will increase the selective pressure for bacterial resistance. Certain
polysaccharide coatings of devices have been found to prevent bacterial attachment.
These coatings may be anti-adhesive due to the hydrophilic nature of the
polysaccharides used or antibacterial (Junter et al., 2016). An example of an anti-
adhesive polysaccharide coating is hyaluronic acid which has been found in several
studies to reduce S. aureus attachment to devices (Harris & Richards, 2004, Hu et al.,
2010, Palumbo et al., 2015). Hyaluronic acid infers a hydrophilic surface (Junter et al.,
2016) but also has bacteriostatic activity (Pirnazar et al., 1999). Of course such
preventive strategies are not relevant to biofilm infections formed directly on host
tissue and may also, depending on cytotoxicity, not be applicable to devices fully
inserted into the host such as orthopaedic prosthetic devices where bone

regeneration is important (Junter et al., 2016).
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Another preventive strategy is targeting the bacterial factors which promote S. aureus
primary attachment. Medical devices become coated with host plasma proteins upon
insertion and thus, it is more likely that biotic attachment is the main mechanism of
primary attachment in vivo. Thus, the cell-wall anchored MSCRAMM proteins are
attractive targets for inhibition. These MSCRAMM proteins are anchored to the cell
wall by the enzyme sortase A. Thus, inhibition of sortase A would prevent the surface
display of these proteins and inhibit adhesion of S. aureus to biotic surfaces. A rational
design study identified a small molecule inhibitor of sortase A which was effective in
vivo in increasing mouse survival in an S. aureus bacteraemia model (Zhang et al.,
2014). As expected, the small molecule inhibitor reduced the ability of S. aureus to
adhere to fibrinogen in vitro (Zhang et al., 2014). Although this inhibitor has not been
assessed in a catheter model of infection, such an inhibitor could be used as a catheter

coating to prevent MSCRAMM-mediated primary attachment.
1.8.1.2 Chelation of metals

Metals are essential cofactors for many bacterial enzymes and have also been
implicated in mechanisms of S. aureus biofilm formation. Thus, chelation of metals
may represent an attractive method for preventing and also treating S. aureus biofilm
infections. Several chelators have shown efficacy in inhibiting biofilm formation
(Hogan et al., 2015). Ethylenediaminetetraacetic acid (EDTA) was found to inhibit S.
aureus biofilm formation and showed promise as a potential catheter lock solution in
combination with antibiotics both in vitro and in vivo (Bookstaver et al., 2009, Chauhan
et al., 2012). In vivo the EDTA based lock solutions were found to be effective in
treating established biofilms (Chauhan et al., 2012). EDTA is known to have
bacteriostatic activity but metal chelators may also inhibit bacterial factors mediating
biofilm accumulation. For example, zinc is essential for both FnBP- and SasG-mediated
biofilm accumulation and in vitro the zinc chelator diethylenetriaminepentaacetic acid
(DTPA) prevented both FnBP- and SasG- mediated biofilm accumulation of S. aureus

(Geoghegan et al., 2010, Geoghegan et al., 2013).
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1.8.1.3 Degradation of the extracellular matrix

Another attractive strategy for anti-biofilm agents is disrupting components of the
biofilm extracellular matrix (ECM). Several enzymes have been identified which
degrade components of the ECM and have potential as anti-biofilm agents. A
limitation to this strategy is the variation that exists among S. aureus biofilms with
some strains forming matrices of PIA and eDNA and other strains forming protein-
dependent biofilms where cell wall-anchored proteins link cells together (Fig 1.4).

However, these agents could be used in combination to enhance their success.

The enzyme Dispersin B cleaves the glycosisidic linkages of PIA, degrading PIA and
removing biofilm (Kaplan et al., 2004). This enzyme is not produced by staphylococci
but by other bacterial species and was originally identified in the periodontal gram-
negative pathogen Actinobacillus actinomycetemcomitans (Kaplan et al., 2004).
Another component of S. aureus biofilm ECMs is eDNA and the enzyme DNAse |, which
degrades eDNA, has been shown to degrade S. aureus biofilm matrices (Lauderdale et
al., 2010, Mann et al., 2009). Cell wall-anchored proteins are important factors linking
cells together in protein-dependent biofilms and cytosolic proteins have been found in
some ECMs. Degradation of these protein components using proteinase K or trypsin
has also been found to treat mature biofilms (Lauderdale et al., 2010). The most
promising agent assessed to date is lysostaphin which cleaves the pentaglycine bridges
of the cell wall peptidoglycan of S. aureus. Lysostaphin has been shown to be effective
in both preventing and treating S. aureus biofilms in vivo (Aguinaga et al., 2011, Kokai-
Kun et al., 2009). Furthermore, its target; the cell wall, is conserved across S. aureus
biofilms and lysostaphin is also effective against S. epidermidis biofilms (Wu et al.,

2003).

1.8.1.4 Promoting biofilm dispersal

Biofilm infections could potentially be treated through the promotion of dispersal
followed by antibiotic treatment of the dispersed, planktonic cells which are no longer
refractive to conventional antibiotics. Analogues of autoinducing peptides (AIP) (Boles
& Horswill, 2008) and phenol soluble modulins (PSMs) (Periasamy et al., 2012) could
be exploited for such use. However, AlP-mediated activation of the Agr system may

cause the planktonic bacteria which are dispersed to have increased expression levels
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of virulence factors such as toxins. The PSMp peptides, and not the PSMa peptides,
would be more suitable as PSM dispersal agents as they are not cytotoxic (Le et al.,
2014). D-amino acids have also been implicated in S. aureus biofilm dispersal
(Kolodkin-Gal et al., 2010). D-amino acids were found to both disperse and prevent S.
aureus biofilm formation in vitro and in vivo (Hochbaum et al., 2011, Sanchez et al.,
2013). In prevention of biofilm formation, the D-amino acids did not inhibit primary
attachment but inhibited biofilm accumulation and maturation and were found to be
effective against protein-dependent but not PIA-dependent biofilms (Hochbaum et al.,
2011). However, the mechanism underlying this inhibition remains unclear. A medium
chain fatty acid messenger produced by Pseudomonas aeruginosa; cis-2-decenoic acid
(CD2A) has also shown promise as a dispersal agent of S. aureus biofilms (Jennings et
al., 2012). CD2A has also been shown to have S. aureus bactericidal activity and may

have a dual capability in treating biofilms (Desbois & Smith, 2010).

1.8.2 Vaccines against S. aureus

1.8.2.1 S. aureus vaccine development

With the widespread resistance to antibiotics among S. aureus strains, the
development of a vaccine to protect against or treat S. aureus infections is warranted.
However, to date no S. aureus vaccine has been successful in clinical trials. Like many
early bacterial vaccines, initially dead whole S. aureus cells were assessed as a vaccine
with no protective effect observed (Missiakas & Schneewind, 2016). A similar lack of
protective immunity is observed in individuals colonised with S. aureus or those who
have previously been infected (Missiakas & Schneewind, 2016). This complicates
development of a vaccine as correlates of protective immunity have remained unclear.
However, reduced disease severity is observed in those colonised with S. aureus
indicating some level of immune memory and subsequent protection (Giersing et al.,

2016).

Past S. aureus vaccines assessed in clinical trials included a vaccine comprised of the S.
aureus capsular polysaccharide (CP) type 5 and type 8 conjugated to exotoxin A of
Pseudomonas aeruginosa, called StaphVax, and the cell wall-anchored protein IsdB

vaccine; V710 (Missiakas & Schneewind, 2016). StaphVax generated high levels of

45



antibodies against CP but was not effective in clinical trials (Missiakas & Schneewind,
2016). V710 generated function neutralising antibodies against IsdB and some
protection against bacteraemia in animal models but V710 was not protective in
clinical trials and actually enhanced patient mortality (Missiakas & Schneewind, 2016).
Several other single factors; staphylococcal enterotoxin B, CIfA, LTA and the ABC
transporter component GrfA have also been assessed as vaccines in clinical trials with

no successful outcome to date (Fowler & Proctor, 2014).

Several reasons for the failure of these vaccines have been suggested (Jansen et al.,
2013, Missiakas & Schneewind, 2016, Fowler & Proctor, 2014). These include the lack
of knowledge of correlates of protective immunity. Previous vaccines have focused on
antibody responses alone whereas recent research has identified the importance of T
cell responses, in particular Thl (Brown et al.,, 2015) and Th17 (Fowler & Proctor,
2014) responses, in host protection to S. aureus. Interestingly, a nasal vaccine which
stimulated T cell responses; Th1l and Th17, but not antibody responses, protected mice
against systemic S. aureus infection further highlighting the importance of cellular
immunity in protection (Misstear et al., 2014). The CWA protein CIfA elicits T cell
responses in mice (Brown et al., 2015, Misstear et al., 2014) and humans (Brown et al.,
2015) and as a vaccine afforded protection to systemic infection in mice (Brown et al.,
2015, Misstear et al., 2014). There has also been a lack of correlation between
preclinical results in animal models and trials in humans. Furthermore, the clinical trial
patient groups have consisted of individuals who are very vulnerable to infection
whereas most successful vaccines are administered to healthy individuals. It has been
suggested that nasal colonisation or skin and soft tissue infections may be more
appropriate endpoints for vaccine efficacy tests (Missiakas & Schneewind, 2016).
StaphVax was assessed with decolonisation as an endpoint with no reduction in nasal
colonisation recorded (Fowler & Proctor, 2014). However, the capsular
polysaccharides have not been implicated as an essential factor in nasal colonisation
and not all S. aureus clinical isolates are encapsulated. Past vaccines have been
monovalent whereas a combined vaccine may be more effective considering the wide
spectrum of disease caused by S. aureus, the numerous virulence and immune evasion

factors it employs and the functional redundancy among these factors.
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Most of the vaccines in ongoing clinical trials are multivalent. Pfizer currently have a
multivalent vaccine in phase lib trials; SA4Ag, which consists of CP5 and CP8
conjugated to inactivated diphtheria toxin, recombinant CWA protein CIfA and
recombinant manganese transporter protein C (MntC) (Missiakas & Schneewind, 2016,
Begier et al., 2017, Frenck et al., 2017). In the SA4Ag phase | trial, its safety and
efficacy to elicit antibody responses were demonstrated although T cell responses
were not reported (Begier et al., 2017, Frenck et al., 2017). Another vaccine currently
in phase Il clinical trials is NDV3 which consists of recombinant Als3p protein; a
homologue of CIfA expressed on the surface of Candida albicans (Lacey et al., 2016).
NDV3 generated both antibody and T cell responses against C. albicans and S. aureus
in its phase | trial along with meeting safety requirements (Schmidt et al., 2012). There
are also other vaccines in preclinical development, some of which include inactivated

toxins and toxoids as potential vaccine antigens (Giersing et al., 2016).
1.8.2.2 Active and passive immunization against biofilm infections

Most S. aureus vaccines to date have focused on protection of acute infections caused
by planktonic S. aureus. Due to the differences in antigen expression and host immune
responses in acute infections versus biofilm infections an ideal vaccine would include
antigens relevant to both infection types and elicit immune responses that clear either
an acute or biofilm S. aureus infection. However, there has been huge difficulty in
generating a vaccine to prevent acute S. aureus infections alone without also
considering protection against biofilm infections (Bhattacharya et al., 2015). However,
several studies have investigated both active and passive immunization strategies to

prevent biofilm infections.

A study by Brady et al., (2006), began to look at antigens associated with biofilms. The
study identified several proteins in an S. aureus biofilm infection which generated an
antibody response in vivo. The proteins identified were a B-lactamase, lipoprotein,
lipase, autolysin and an ABC transporter lipoprotein (Brady et al., 2006). Several of
these antigens were later assessed in a vaccination study using a rabbit biofilm model
of chronic osteomyelitis (Brady et al., 2011). Notably, the vaccination was combined

with vancomycin treatment in order to clear planktonic bacteria. The vaccine antibiotic
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combination was successful in vivo with both components required for high efficacy
(Brady et al., 2011). SesC, a cell wall-anchored protein which mediates biofilm
formation in S. epidermidis, showed promise as a vaccine candidate in vivo in animal
biofilm models (Shahrooei et al., 2012). Active immunization of rats with recombinant
SesC reduced S. epidermidis biofilm formation on catheters inserted post vaccination
(Shahrooei et al., 2012). Passive immunization with anti-SesC antibodies also inhibited
S. epidermidis biofilm formation in a rat catheter model (Shahrooei et al., 2012). Cell
wall-anchored proteins also represent attractive antigens for an S. aureus vaccine as
they are displayed on the surface of S. aureus, generate a potent immune response
and play important roles in primary attachment and biofilm accumulation (Speziale et
al., 2014). PIA has also been assessed as a vaccine candidate alone, and in a conjugate
vaccine with CIfA, and was found to generate a strong humoral response (Maira-Litran
et al., 2012). Theoretically, PIA as an antigen could provide protection against both S.
aureus and S. epidermidis biofilm infections. As S. aureus can also form PIA-
independent biofilms, combining PIA with cell wall-anchored proteins in a vaccine
would provide a more broadly, efficacious vaccine. However, PIA was assessed as a
monovalent S. aureus vaccine in clinical trials but was terminated in phase Il. This may
be due to the reasons suggested for the failure of S. aureus vaccines to date (Section

1.8.2.1).

Several studies have shown promise for the use of specific antibodies in preventing S.
aureus biofilm infections. In vitro, Fab fragments generated specifically against the A
domain of FnBPA inhibited FnBP-mediated biofilm (O'Neill et al., 2008). Similarly,
inhibition of Aap-dependent biofilms of S. epidermidis was observed with polyclonal
and monoclonal Aap antibodies (Rohde et al., 2005, Hu et al., 2011). There is also
some potential for passive immunization with antibodies against mediators of biofilm
dispersal in order to prevent dissemination of bacteria. For example, antibodies
generated against PSMs were found to reduce bacterial dissemination (Wang et al.,

2011).
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1.9 Aims and objectives

S. aureus biofilm infections are a significant cause of morbidity and mortality. S. aureus
biofilm infections are extremely difficult to treat and novel treatment and preventive
strategies are required to overcome these infections. Cell wall-anchored proteins of S.
aureus mediate biofilm accumulation through specific homophilic interactions
although more studies are required to further characterise these interactions. These
cell wall-anchored proteins have not been assessed as targets for anti-biofilm agents

previously. The major aims and objectives of this project were:

e To characterise SdrC- and FnBP- mediated biofilm accumulation at the

molecular level.

e To identify novel inhibitors of SdrC- and FnBP- mediated biofilm formation of S.
aureus using a rational drug design approach targeting their homophilic
interactions. This allowed assessment of SdrC and FnBP homophilic interactions

as anti-biofilm targets in the prevention of S. aureus biofilm formation.
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Chapter 2

Materials and Methods
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2.1. Bacterial strains and growth conditions. Escherichia coli strains were grown in
Lennox broth (LB; 10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl, pH 6.8-7.2) at 37 °C.
Lactococcus lactis strains were grown in M17 (0.5 g/L ascorbic acid, 5 g/L lactose, 0.25
g/L magnesium sulfate, 5 g/L meat extract, 2.5 g/L meat peptone, 19 g/L sodium
glycerophosphate, 5 g/L soya peptone, 2.5 g/L tryptone, 2.5 g/L yeast extract, pH 7.4 +
0.2) or brain heart infusion (BHI; 12.5 g/L brain infusion solids, 5 g/L beef heart
infusion solids, 10 g/L proteose peptone, 2 g/L glucose, 5 g/L NaCl, 2.5 g/L disodium
phosphate, pH 7.4 + 0.2) broth statically at 28 °C. Staphylococcus aureus strains were
grown in tryptic soy broth (TSB; 17 g/L Bacto™ tryptone, 3 g/L Bacto Soytone, 2.5 g/L
glucose, 5 g/L NaCl, 2.5 g/L dipotassium hydrogen phosphate, pH 7.3 + 0.2) or BHI
broth at 37 °C. Media were supplemented with D-glucose (10 g/L; Sigma Aldrich),
ampicillin (100 pg/ml), erythromycin (10 pg/ml), chloramphenicol (10 pg/ml) or nisin
(32 ng/ml) where appropriate. Stationary phase cultures were typically grown for 16-
18 h. For growth to exponential phase, cultures were washed in TSB, diluted to a
starting ODgoonm Of ~0.05 and grown to an ODggonm Of 0.5. Strains used in this study are

listed in Table 2.1.

2.2. DNA cloning and strain construction. Plasmids used in this study are listed in

Table 2.1. Primer sequences are listed in Table 2.2.

2.2.1 Cloning of DNA for recombinant protein expression in E. coli. DNA encoding the
N2 and N3 subdomains of SdrC (0.947 kb) was amplified by polymerase chain reaction
(PCR) with primers SArCN2N3F and SdrCN2N3R (Table 2.2) using genomic DNA from S.
aureus strain Newman as template and cloned into the IPTG-inducible vector pQE30
using sequence-and ligation-independent cloning (SLIC) as previously described by Li
and Elledge (Li & Elledge, 2012). The plasmid pQE30::sdrC was transformed into
chemically competent XL-1 Blue E. coli. The plasmid was isolated from XL-1 Blue and
confirmed by DNA sequencing (Eurofins MWG). The plasmid was transformed into

chemically competent Topp3 E. coli cells for protein expression.

DNA encoding the N2 and N3 subdomains of SdrC from S. aureus strain Newman was
cloned into the IPTG-inducible vector pGEX-KG to generate the plasmid pGEX::sdrC.

Plasmids pGEX-KG and pQE30::sdrC were digested in separate reactions with
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restriction enzymes BamHI| and Kpnl at 37 °C. The plasmid pQE30 and its sdrC insert
were separated by agarose gel electrophoresis and the sdrC insert was purified by gel
extraction. The plasmid pGEX-KG and the sdrC insert were joined by cohesive-end
ligation with T4 DNA ligase at 22 °C (LigaFast™ Rapid DNA Ligation System, Promega).
The ligation reaction was transformed into chemically competent XL-1 Blue E.coli. The
plasmid was isolated from XL-1 Blue and confirmed by DNA sequencing (GATC

biotech).

DNA encoding the N2 subdomain of FnBPA from S. aureus strain 8325 was cloned into
the IPTG-inducible vector pGEX-4T2 to generate the plasmid pGEX::fnbAy,. Plasmids
pGEX-4T2 and pQE30::fnbAy, were digested with restriction enzymes BamHI| and Sall
at 37 °C. The plasmid pQE30 and the fnbAy; insert were separated by agarose gel
electrophoresis and the fnbAy; insert was purified by gel extraction. The plasmid pGEX-
4T2 and the fnbAy; insert were joined by cohesive-end ligation with T4 DNA ligase at
22 °C (LigaFast™ Rapid DNA Ligation System, Promega). The ligation reaction was
transformed into chemically competent XL-1 Blue E. coli. The pGEX::fnbAy, plasmid

was extracted from XL-1 Blue and verified by DNA sequencing (GATC biotech).

2.2.2 Generation of chimeric pQE30::fnbAy,ns plasmids with residues of the N2

subdomain replaced with CIfA sequence.

Three variants of pQE30::fnbAnans Where regions of fnbA sequence were replaced with
the corresponding clfA sequence were constructed using blunt-end ligation. To do this
primers were designed upstream; SitelF, SitedF and Site6F (Table 2.2), and
downstream; SitelR, Site4R and Site6R (Table 2.2) of the fnbA sequence to be deleted.
These primers contained 5’ extensions carrying the clfA-derived sequence to be added.
The plasmid pQE30::fnbAnanz (~4.4 kb) was amplified by inverse PCR with primers
SitelF and SitelR, Site4F and Site4R and Site6F and Site6R in separate reactions. The
reactions were incubated with 1 U of the restriction enzyme Dpnl for 2 h at 37 °C to
digest methylated template DNA. The products were each joined by blunt-end ligation
at 22 °C (LigaFast™ Rapid DNA Ligation System, Promega) and transformed into
chemically competent XL-1 Blue E. coli. Plasmids pQE30::fnbAsite1, PQE30::fnbAs;ites and
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pQE30::fnbAsies Were extracted from XL-1 Blue and confirmed by DNA sequencing
(GATC biotech).

2.2.3 Generation of an sdrC deletion mutant of S. aureus strain MRSA252.

Deletion of the sdrC gene in the HA-MRSA strain MRSA252 to generate MRSA252AsdrC
was achieved by allelic exchange using plasmid pIMAY (Monk et al.,, 2012). DNA
encoding 486 nucleotides of sequence upstream of the sdrC gene was amplified using
MRSA252 genomic DNA as template with primers SdrCA and SdrCB (Table 2.2). DNA
encoding 72 nucleotides of the 3' sequence of sdrC and 359 nucleotides of sequence
downstream was amplified using primers SdrCC and SdrCD (Table 2.2). The upstream
and downstream fragments were joined using splicing by overlap extension PCR and
cloned into pIMAY using SLIC (Li & Elledge, 2012). The resulting plasmid was
transformed into E.coli DC10B and verified by DNA sequencing (GATC biotech). The
plasmid was transformed into electrocompetent MRSA252 cells and deletion of the
sdrC gene was achieved by allelic replacement as previously described (Monk et al.,
2012). Deletion of sdrC was confirmed by extraction of genomic DNA from
MRSA252AsdrC and amplification of the region of the sdrC gene with primers
upstream; SdrCOUTF, and downstream; SdrCOUTR (Table 2.2), of the deleted region.
Deletion of sdrC was confirmed by DNA sequencing of this PCR product (GATC
biotech).

2.2.4 Generation of chimeric FnBPA plasmids carrying the NIN2N3 subdomains of
different FnBPA isotypes.

Cloning of subdomains N123 of different isotypes of fnbA in the plasmid pFnBA4 was
carried out using SLIC (Li & Elledge, 2012). Primers for amplifying insert sequences
contained 5’ extensions with homology to the target vector. The N123 subdomains
and part of the first fibronectin binding repeat of fnbA isotypes lll, IV, V and VI (~1.68
kb) were amplified by PCR with primers FnBPAinsertF and FnBPAinsertR (Table 2.2)
using genomic DNA from S. aureus strains N315, P1, 3110 and 19, respectively, as
templates. The plasmid pFnBA4 (~10.6 kb) was used as template for inverse PCR with
primers pFnBA4SLICF and pFnBA4SLICR (Table 2.2) yielding PCR products of ~8.9 kb.
Amplimers of fnbA isotypes Ill, IV, V and VI were joined individually to the pFnBA4
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amplimer by SLIC to generate plasmids pFnBA4i,, pFNBA4icy, pFnBA4., and
pFnBA4;.y, respectively. Each plasmid was transformed into chemically competent E.
coli IM08B and confirmed by DNA sequencing (GATC biotech). Each plasmid was then

transformed into electrocompetent S. aureus BH1CCAfnbAfnbB cells.

2.3 In silico generation of homology models of SdrC and FnBPB. The amino acid
sequences of the N2 and N3 subdomains of SdrC (residues 178-335) and FnBPB
(residues 163-480) from S. aureus strains Newman and 8325, respectively, were
submitted to Phyre” version 2.0 (Kelley et al., 2015) to generate homology models of
SdrCN2N3 and FnBPBN2N3. The N2N3 sequence of SdrC was also submitted to a
second modelling program; I-TASSER (Zhang, 2008). Homology models were visualised

using the molecular modelling software Chimera version 1.9 (Pettersen et al., 2004).

2.4 In silico docking of small molecule libraries and selection of putative inhibitors.
The clean lead subset of the Zinc library (Irwin et al., 2012) was screened for docking at
either the ‘RPGSV’ or ‘VDQYT site of SdrC using the docking program DOCK Blaster
(Irwin et al., 2009). The SdrC homology model structure from either |- TASSER or
Phyre” was uploaded and the target site of interest, ‘RPGSV’ or ‘VDQYT indicated. The
top 20-30 molecules identified to dock at the selected site on the SdrC model were
assessed, with those smaller than 250 Daltons in molecular mass excluded. The
remaining small molecules were examined in complex with SdrC using Chimera version
1.9 software (Pettersen et al., 2004) to visualise the predicted site of docking and
interactions between the small molecule and SdrC, in particular, predicted interactions
to the targeted motif. Molecules were selected based on these analyses and their
commercial availability. A second library of small molecules; ‘The Malaria Box’
provided by the Medicines for Malaria Venture (MMV) (Spangenberg et al., 2013), was
screened. Docking was carried out using Autodock vina (Trott & Olson, 2010) with the
‘RPGSV’ or ‘VDQYT sites of both the I-TASSER and Phyre? models selected as targets.
The docking sites and predicted interactions with the target site were assessed using
Chimera version 1.9 (Pettersen et al., 2004) for compounds with predicted high affinity

across both models.

54



Small molecules LH1-5 from the clean lead subset of the Zinc library and LH6, LH7 and
LH10 from the ‘Malaria Box’ library were docked onto the crystal structure of
FNnBPAN2N3 (PDB ID=4B5Z) using Autodock vina (Trott & Olson, 2010). LH6, LH7 and
LH10 were also docked onto the homology model of FnBPBN2N3 using Autodock vina.
Docking sites and predicted interactions of the small molecules with FnBPAN2N3 and

FnBPBN2N3 were examined using Chimera version 1.9 (Pettersen et al., 2004).

2.5 Synthetic peptide. A synthetic peptide of the SdrC binding site within B-neurexin
(Barbu et al., 2010) (SLGAHHIHHFHGSSKHHS) was synthesized by Genscript

(Piscataway, NJ).

2.6 In silico modelling of the SdrC-B-neurexin derived peptide complex. The B-
neurexin derived peptide was constructed in silico using the Molecular Operating
Environment (MOE) (Chemical Computing Group Inc., 2015.). Docking of the B-
neurexin derived peptide on the Phyre2 SdrC model was carried out using Autodock
vina (Trott & Olson, 2010). The predicted SdrC-peptide complex was analysed using

Chimera version 1.9 (Pettersen et al., 2004).

2.7 Expression and purification of recombinant proteins. E. coli XL-1 Blue or Topp3
cells carrying IPTG-inducible pQE30 or pGEX plasmids for expression and purification
of recombinant proteins with an N-terminal hexahistidine tag or glutathione-S-
transferase (GST) fusion proteins, respectively, were grown to late exponential phase
(ODsoonm = ~0.6) and induced with isopropyl B-D-1-thiogalactopyranoside (IPTG, 1 mM)
for 3 h at 37 °C. Cells were mechanically lysed using a French pressure cell (1,000 psi)

in the presence of EDTA-free protease inhibitors (Roche).

2.7.1 Nickel Affinity Chromatography. Recombinant proteins with an N-terminal
hexahistidine tag (His-tagged) were purified by nickel (Ni**) affinity chromatography. A
Ni** packed column (5ml HisTrap™ HP column; GE Healthcare) was equilibrated with
binding buffer (0.5 M NaCl, 20 mM Tris-HCI, pH 7.9). Following column preparation,
the bacterial cell lysate was added to the column. The column was washed with
binding buffer containing a low concentration of imidazole (5-8 mM). Bound protein
was eluted from the column over a gradient of increasing concentration of imidazole

(5-100 mM) in binding buffer with fractions (~¥10 ml) collected. Fractions were
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separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE,
4.5 % w/v stacking and 10 % w/v separating acrylamide gels) and analysed by protein
staining (Coomassie blue or InstantBlue; Sigma Aldrich). Fractions containing the
recombinant His-tagged protein were pooled and dialysed against phosphate buffered
saline (PBS) for 16 h at 4 °C. Protein purity and integrity was confirmed following
dialysis by SDS-PAGE and protein staining. Protein concentrations were determined by
Asg0nm Measurement or through a bicinchoninic acid (BCA) assay (PierceTM BCA Protein

Assay Kit; Thermo Fisher Scientific).

2.7.2 Glutathione Affinity Chromatography. Recombinant GST fusion (GST-tagged)
proteins were purified by glutathione affinity chromatography. A GST affinity column
(5 ml GSTrap™ FF column; GE Healthcare) was equilibrated with PBS. Following
column preparation, the bacterial cell lysate was added to the column. The column
was washed with PBS. Bound protein was eluted from the column with reduced
glutathione elution buffer (50mM Tris-HCI, 10 mM glutathione, pH 8.0) and fractions
(~2 ml) were collected. Fractions were separated by SDS-PAGE (4.5 % w/v stacking and
10 % w/v separating acrylamide gels) and analysed by protein staining (Coomassie
blue or InstantBlue; Sigma Aldrich). Fractions containing the recombinant GST-tagged
proteins were then pooled and dialysed against PBS for 16 h at 4 °C. Protein purity and
integrity were confirmed following dialysis by SDS-PAGE and protein staining. Protein

concentrations were determined by A,gonm measurement.

2.8 Western immunoblot. Recombinant His-tagged SdrC protein was separated by
SDS-PAGE (4.5 % stacking and 10 % w/v separating acrylamide gel) and subsequently
electroblotted onto a PVDF membrane (Roche). The membrane was blocked with
skimmed milk powder (10 % w/v; Marvel) in TS buffer (10 mM Tris-HCl, 0.9 % w/v
NaCl, pH 7.4) for 2 h at room temperature. Monoclonal mouse anti-His IgG was added
for 1 h at room temperature. The membrane was then washed three times with TS
buffer. Rabbit anti-mouse horseradish peroxidase (HRP)-conjugated IgG (Dako) was
added to the membrane for 1 h at room temperature. The membrane was then
washed three times with TS buffer. Bound antibody was visualised with the LumiGLO
reagent and peroxidase detection system (Cell Signalling Technology) and the

membrane visualised using ImageQuant TL software (GE).
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2.9 Differential Scanning Fluorimetry (DSF). Recombinant SdrC, FnBPAn,n3 and
FnBPByn3 proteins (0.5 mg/ml) were gradually heated (ramp rate 0.3 °C) in Tris-
buffered saline (TBS) in the presence of individual compounds (25 uM) and the
reporter dye SYPRO orange in a Real-Time PCR machine. Solvent controls were
included (2.5% v/v dimethyl sulfoxide; DMSO). Fluorescence values were normalised
with the lowest and highest value set as 0 and 100 fluorescence units, respectively.
Melt curves of fluorescence units vs temperature (°C) were analysed using Prism

GraphPad software version 5.01 and the melting temperature (T,,) calculated.

2.10 Biofilm microtitre plate assays.

2.10.1 Biofilm assays with L. lactis. L. lactis strains were grown for 16-18 h in BHI
broth supplemented with erythromycin (10 ug/ml) and diluted 1:200 into M17 broth
supplemented with D-glucose (5 g/L; Sigma Aldrich). Diluted bacteria (275 ul) were
added to wells of sterile tissue culture-treated polystyrene plates (Nunclon Delta) and
incubated statically at 28 °C for 24 h. After 24 h incubation, wells were washed three
times with PBS and inverted for 30 min to dry. Wells were stained with crystal violet

(0.5 % w/v) and As70,m Was measured.

2.10.2 Biofilm assays with S. aureus. S. aureus strains were grown for 16-18 h in TSB,
supplemented with chloramphenicol (10 pg/ml) where appropriate. Bacteria were
subsequently diluted 1:200 in TSB (strains used in SdrC biofilm analyses) or BHI broth
(strains used in FnBP-mediated biofilm analyses) supplemented with D-glucose (10 g/L;
Sigma Aldrich). The diluted bacteria (200 pul) were added in triplicate to sterile tissue
culture-treated polystyrene plates (Nunclon Delta). Plates were incubated statically at
37 °C for 24 h. Wells were washed three times with PBS and dried for 30 min by

inversion. Biofilm was stained with crystal violet (0.5 % w/v) and As7o,m Was measured.

2.10.3 Biofilm inhibition assays. L. lactis and S. aureus biofilm assays were performed
as described above with the following changes. Small molecules or peptide were
added to the diluted bacteria prior to addition to the microtitre plate. DMSO (0.5 or 1
% v/v) was added to the diluted bacteria as a solvent control prior to addition to the
plate. As;onm Values were normalised as % biofilm formation relative to the DMSO
control set as 100 % biofilm formation.
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2.10.4 Biofilm dispersal assay. L. /actis strains were allowed to form biofilm for 24 h at
28 °C. Wells were washed twice with PBS. The B-neurexin derived peptide (12.5 uM) or
proteinase K (100 pg/ml) in PBS were added in triplicate to wells with established
biofilms and the plates incubated for 2 h at 28 °C. PBS was also added to triplicate
wells as an untreated control. Following the 2 h incubation, wells were washed three
times with PBS and dried by inversion for 30 min. Biofilm was stained with crystal

violet (0.5 % w/v) and As7onm vValues measured.

2.11 ICso analysis of the B-neurexin derived peptide. Inhibition of SdrC biofilm
formation using the surrogate host L. lactis was carried out as described above with
the following change. Varying concentrations of the B-neurexin derived peptide (0.195
UM to 12.5 uM) were added to the diluted bacteria prior to addition to the microtitre
plate. An ICsp curve of Log [peptide concentration] vs % biofilm formation was

generated and the ICso determined using Prism GraphPad software version 5.01.

2.12 Growth curves. For L. lactis growth curves, L. lactis strains were grown for 16-18
h in BHI broth supplemented with erythromycin (10 pg/ml) and subsequently diluted
1:200 in M17 broth supplemented with D-glucose (5 g/L; Sigma Aldrich). Diluted
bacteria (200 pl) were added in triplicate to sterile round-bottomed 96 well plates
(Starstedt). Plates were incubated statically at 30 °C in a Synergy H1 plate reader

(Biotek) for 16 h with 0Dgoonm Values measured at 30 min intervals.

For S. aureus growth curves, S. aureus strains were grown for 16-18 h in TSB and
subsequently diluted 1:200 in TSB or BHI broth. Bacteria were added (200 pl) in
triplicate to sterile round-bottomed 96 well plates (Starstedt). Plates were incubated
at 37 °C with continuous shaking in a Synergy H1 plate reader (Biotek) for 16 h with

0Dgoonm Values measured at 30 min intervals.

For assays assessing growth inhibition of small molecules and the peptide, media was
supplemented with D-glucose (5 g/L for L. lactis and 10 g/L for S. aureus; Sigma
Aldrich). The small molecules or DMSO as a solvent control and the peptide were

added to diluted bacteria prior to addition to the plate.
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2.13 Single cell spectroscopy. Single cell spectroscopy experiments were carried out

by Cécile Feuille and Cécile Formosa-Dague at the Université Catholique de Louvain.

2.14 Site directed mutagenesis. Residue R247 of SdrC was substituted to an alanine in
the plasmid pQE30::sdrC by site-directed mutagenesis. Overlapping complementary
primers R247AF and R247AR (Table 2.2) containing the desired nucleotide changes
were used to amplify the plasmid (~4.4 kb). The reaction was incubated with 1 U of the
restriction enzyme Dpnl for 2 h at 37 °C to digest methylated template DNA and
transformed into chemically competent XL-1 Blue E. coli. The plasmid pQE30::sdrCrz47a
was extracted from XL-1 Blue and the mutation was confirmed by DNA sequencing

(GATC biotech).

2.15 Ligand affinity dot blot. Recombinant His-tagged SdrC native and R27A proteins
were immobilised in doubling dilutions (1.25 uM -20 uM) onto a nitrocellulose
membrane. The membrane was blocked with skimmed milk powder (10 % w/v;
Marvel) for 2 h at room temperature. Recombinant GST-tagged SdrC was added to the
membrane for 1 h at room temperature. Monoclonal mouse anti-GST IgG was added
to the membrane for 1 h at room temperature. The membrane was washed three
times with PBS and tween (0.05 % v/v). Rabbit anti-mouse HRP-conjugated 1gG (Dako)
was added to the membrane for 1 h at room temperature. The membrane was
washed three times with PBS and tween (0.05 % v/v). Bound antibody was visualised
with the LumiGLO reagent and peroxidase detection system (Cell Signalling
Technology) and the membrane visualised using ImageQuant TL software (GE

Healthcare).

2.16 Enzyme-Linked Immunosorbent Assays (ELISA).

2.16.1 SdrC-SdrC ELISA. Recombinant GST-tagged SdrC (1 puM) was coated onto
microtitre plates (Nunclon maxisorp) in sodium carbonate buffer (pH 9.6) at 4 °C
overnight. Plates were blocked with skimmed milk powder (5 % w/v; Marvel) in PBS for
2 h at 37 °C. Recombinant His-tagged SdrC and R247A proteins were added to the
plate (5 uM) and the plate incubated at room temperature, shaking for 2 h. Wells were
washed three times with PBS. Monoclonal mouse anti-His IgG (100 pl) was added to
the wells and the plate incubated at room temperature, shaking for 1 h. Wells were
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washed three times with PBS and rabbit anti-mouse HRP-conjugated IgG (100 ul;
Dako) was added to the wells and the plate incubated at room temperature, shaking
for 1 h. Wells were washed three times with PBS. To detect bound rabbit anti-mouse
HRP-conjugated IgG 3, 3’, 5, 5’-tetramethylbenzidine (TMB, 0.1 mg/ml; Sigma Aldrich)
prepared in phosphate citrate buffer (0.05 M) with hydrogen peroxide (0.006 % v/v)
was added (100 pl) to the wells. To stop the reaction, H,SO4; (50 ul; 2M) was
subsequently added to the wells and Assonm Values measured. Values were normalised

relative to His-tagged SdrC binding GST-tagged SdrC as 1.0.

2.16.2 FnBP-FnBP ELISA. Recombinant GST-tagged FNBPAy;n3 (1 uM), FNBPAN; (6 uM)
or FnBPBy,n3 (1 uM) proteins were coated onto microtitre plates (Nunclon maxisorp)
in sodium carbonate buffer (pH 9.6) at 4 °C overnight. Plates were blocked with
skimmed milk powder (5% w/v; Marvel) in PBS for 2 h at 37 °C. Recombinant His-
tagged FnBPA and FnBPB proteins were added to the plate in doubling dilutions (0.156
MM -2.5 uM) and the plates incubated at 37 °C, shaking for 2 h. Bound His-tagged

proteins were detected as described above (Section 2.16.1).

For recombinant FnBPAyan3-FNBPAn,n3 inhibition assays, ELISAs were carried out as
described above with the following changes. His-tagged FnBPAy,n3 protein (0.25 uM)
was incubated with small molecules (1.25 uM) or DMSO (0.125 % v/v) for 30 min, 200
rpm at 37 °C prior to addition to the plate. Protein and small molecules/DMSO (100 ul)
were then added to the plate in triplicate and the plate incubated for 1 h 30 min at 37

€.

2.17 Fibronectin binding assays. Flat-bottomed microtitre plates (Sarstedt) were
coated with doubling dilutions of human fibronectin (0.156 pg/ml -10 ug/ml;
Calbiochem) in PBS at 4 °C overnight. Plates were blocked with bovine serum albumin
(BSA; 5% w/v) for 2 h at 37 °C. S. aureus strains were grown to exponential phase in
TSB, supplemented with chloramphenicol (10 ug/ml) where appropriate, at 37 °C. Cells
were subsequently washed with PBS and adjusted to an ODgoonm=1.0 in PBS. Bacteria
(200 pl) were added in triplicate to wells of the microtitre plate and incubated

statically at 37 °C for 2 h. Wells were washed three times with PBS and adherent

60



bacteria fixed with formaldehyde (25 % v/v) for 15 min. Adherent bacteria were

stained with crystal violet and As;onm measured.

2.18 Fibrinogen binding assays. Flat-bottomed microtitre plates (Starstedt) were
coated with human fibrinogen (5 pg/ml; Calbiochem) in PBS at 4 °C overnight. Plates
were blocked with BSA (5 % w/v) for 2 h at 37 °C. S. aureus strains were grown to
exponential phase in TSB at 37 °C. Cells were washed with PBS and adjusted to an
ODgoonm=1.0 in PBS. Small molecules or DMSO were added to the adjusted bacteria
and incubated for 30 min, 200 rpm at 37 °C. Bacteria with small molecules/DMSO (200
pl) were then added in triplicate to wells of the microtitre plate and incubated
statically at 37 °C for 2 h. Wells were washed three times with PBS and adherent
bacteria fixed with formaldehyde (25 % v/v) for 15 min. Adherent bacteria were
stained with crystal violet and As7onm measured. As7o.m Values were normalised to %

fibrinogen binding with SH1000 c/fA clfB with DMSO as 100 %.

Fibrinogen binding assays with L. lactis pNZ8037::fnbA and L. lactis pNZ8037::fnbB
strains were carried out as described above with the following changes. L. lactis strains
were grown for 16-18 h in BHI broth supplemented with chloramphenicol (10 pg/ml)
statically at 28 °C. Strains were subsequently diluted 1:100 in BHI broth supplemented
with chloramphenicol (10 pg/ml) and grown to exponential phase statically at 28 °C.
Strains were then induced with nisin (32 ng/ml) for 16 h statically at 28 °C. Following
induction, strains were washed in PBS and adjusted to an ODgyonm=1.0 in PBS.
Fibrinogen binding and inhibition were then assessed as described above. As70,m values
were normalised to % fibrinogen binding with L. lactis pNZ8037::fnbA or L. lactis
pNZ8037::fnbB with DMSO as 100 %.

2.19 Amino acid alignments. Amino acid alignments were carried out using the web
based multiple sequence alignment program Clustal Omega (Sievers et al., 2011). The
N2 subdomains (residues 194-336) of FnBPA isotypes |, lll, IV, V and VI and the N2
subdomain (residues 163-307) of FnBPB isotype | were aligned. The N2 subdomain
(residues 194-336) of FnBPA isotype | from S. aureus strain 8325 was aligned with the

N2 subdomain (residues 221-368) of CIfA from S. aureus strain Newman.
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2.20 Statistical analyses. Statistical analyses were performed using Prism Graphpad
software version 5.01 using unpaired two-tailed Student’s t-tests, one-way ANOVA or
two-way ANOVA with Bonferroni post-test analyses where *, ** and *** represent p-

values of £0.05, <0.01 and <0.001. P-values >0.05 are considered not significant.
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TABLE 2.1. Bacterial strains and plasmids used in this study.

Strain or plasmid

Description

Reference or Source

E.coli strains

XL-1 Blue

Topp3
DC108B
IM08B

L. lactis MG1363

S. aureus strains

MRSA252

MRSA252AsdrC

BH1CC

BH1CCAfnbAfnbB

DAR70

DAR70AfnbAfnbB

SH1000

SH1000 clfA clfB

SH1000 clfA clfB

fnbA fnbB

N315

P1

3110

recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl
lac

Rif", [F" proAB” lacl%ZAM15 Tn10 (Tet") (Kan")]
dam” Adcm DhsdRMS endA1 recAl

dam* Adem hsdRMS®®

Derivative of strain NCD0712 which is plasmid

free

HA-MRSA, SCCmec type I, MLST? type 36,
cC30

sdrC deficient mutant of MRSA252

HA-MRSA, SCCmec type Il, MLST type 8, CC8
fnbA and fnbB deficient mutant of BH1CC

HA-MRSA, SCCmec type I, MLST type 45, CC45

fnbA and fnbB deficient mutant of DAR70

Derivative of laboratory strain 8325-4 with
repaired defect in rsbU
clfA clfB::Erm"

clfA clfB::Erm" fnbA::Erm" fnbB::Tet"

HA-MRSA, SCCmec type I, MLST type 5, CC5
Rabbit MSSA isolate, MLST type 973

MSSA clinical isolate, MLST type 12

Stratagene

Stratagene
(Monk et al., 2012)
(Monk et al., 2015)

(Gasson, 1983)

(Holden et al., 2004)

This study
(O'Neill et al., 2008)
(Geoghegan et al.,
2013)
(O'Neill et al., 2008)
Zapotoczna M and
Geoghegan JA
(Unpublished)
(Horsburgh et al.,
2002)

Foster TJ
(Unpublished)
(O'Neill et al., 2008)

(Kuroda et al., 2001)
(Loughman et al.,
2008)

(Feil et al., 2003)
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Plasmids
pQE30

pQE30::sdrC

pQE30:ZSdfCR247A

pQE3O::fnbAN2N3

pQE3OZanbAN2

pQE30::fnbAN3

pQE30::fanN2N3

pQE3O::fanN2

pQE30::fnbBy3

pQE3O :fnbASitel

pQE30::fnbA5ite4

MSSA clinical isolate, MLST type 10

E. coli plasmid for expression of proteins with
N-terminal hexahistine tags, Amp’

pQE30 plasmid containing DNA encoding the
N2 and N3 subdomains of SdrC from S. aureus
strain Newman, Amp'

pQE30::sdrC with amino acid substitution
R247A, Amp'

pQE30 plasmid containing DNA encoding the
N2 and N3 subdomains of FnBPA from S.
aureus strain 8325, Amp’

pQE30 plasmid containing DNA encoding the
N2 subdomain of FnBPA from S. aureus strain
8325, Amp'

pQE30 plasmid containing DNA encoding the
N3 subdomain of FNnBPA from S. aureus strain
8325, Amp’

pQE30 plasmid containing DNA encoding the
N2 and N3 subdomains of FnBPB from S.
aureus strain 8325, Amp’

pQE30 plasmid containing DNA encoding the
N2 subdomain of FnBPB from S. aureus strain
8325, Amp"

pQE30 plasmid containing DNA encoding the
N3 subdomain of FnBPB from S. aureus strain
8325, Amp’

residues  166-173

pPQE30::fnbAnons  With

exchanged for residues 224-231 of clfA, Amp'

pQE30::fnbAN2N3
exchanged for residues 274-284 of clfA, Amp'

with  residues 220-230

(Feil et al., 2003)

Qiagen

This study

This study

(Geoghegan et al.,
2013)

Pietrocola G and
Speziale P
(Unpublished)
Pietrocola G and
Speziale P
(Unpublished)
(Burke et al., 2011)

(Pietrocola et al.,

2016)

(Pietrocola et al.,

2016)

This study

This study
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PQE30::fnbAsites

pGEX-KG

pGEX::sdrC

PGEX-4T2

pG EX: anbANZNg

PGEX::fnbAn;

pG EXe IfanNZNg

pKS80

pKS80::sdrC

pIMAY

pIMAYAsdrC

pFnBA4

pPFNBA4;son

pFn BA4isoIV

pQE30::fnbAxna  with  residues  268-281
exchanged for residues 322-335 of c/fA, Amp’
E. coli plasmid for expression of GST fusion
proteins, Amp’

pGEX-KG plasmid containing DNA encoding the
N2 and N3 subdomains of SdrC from S. aureus
strain Newman, Amp'

E. coli plasmid for expression of GST fusion
proteins, Amp’

pGEX-4T2 plasmid containing DNA encoding
the N2 and N3 subdomains of FnBPA from S.
aureus strain 8325, Amp'

pPGEX-4T2 plasmid containing DNA encoding
the N2 subdomain of FnBPA from S. aureus
strain 8325, Amp"

pPGEX-4T2 plasmid containing DNA encoding
the N2 and N3 subdomains of FnBPB from S.
aureus strain 8325, Amp'

Constitutive expression plasmid for
heterologous gene expression in L. lactis, Erm’
pKS80 plasmid carrying DNA encoding the full
length sdrC gene, Erm’

Temperature-sensitive  vector for allelic
exchange in Staphylococci, Cm"

pIMAY for deletion of sdrC in MRSA252 by
allelic exchange

Multicopy plasmid expressing entire fnbA gene
from S. aureus strain 8325, Cm"’

pFnBA4 with DNA encoding the NI1N2N3
subdomains of S. aureus strain N315, Cm'

pFnBA4 with DNA encoding the NI1IN2N3

This study

GE Lifesciences

This study

GE Lifesciences
Burke FM and
Geoghegan JA

(Unpublished)
This study

Burke FM and Foster

TJ (Unpublished)

(Wells et al., 1996)

(O'Brien et al.,

2002a)

(Monk et al., 2012)

This study

(Greene et al., 1995)

This study

This study
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subdomains of S. aureus strain P1, Cm"
pFnBA4;soy pFnBA4 with DNA encoding the N1N2N3 This study
subdomains of S. aureus strain 3110, Cm"
pFNBA4;sov pFnBA4 with DNA encoding the NIN2N3 This study
subdomains of S. aureus strain 19, Cm"
pNZ8037::fnbA Nisin-inducible plasmid carrying the full length  (Arrecubieta et al.,
fnbA gene from S. aureus strain 8325, Cm' 2006)
pNZ8037::fnbB  Nisin-inducible plasmid carrying the full length  (Arrecubieta et al.,
fnbB gene from S. aureus strain 8325, Cm' 2006)

“MLST: Multilocus sequence type
bcc: Clonal Complex

¢ Resistance is denoted '
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TABLE 2.2 Primers

Primer Name

Sequence (5’-3')

pQE30F

pQE30R

SArCN2N3F

SArCN2N3R

pIMAYF

pIMAYR

SdrCA

SdrCB

SdrCC

SdrCD

SdrCOUTF

SdrCOUTR

R247AF

R247AR

FnBPAinsertF

FnBPAinsertR

pFnBA4SLICF

pFNBAA4SLICR

SitelF

aagcttaattagctgagcttg

ggatccgtgatggtgatg

ggatcgcatcaccatcaccatcacggatccggaacaaatgttaatgataaag

acaggagtccaagctcagctaattaagcttttatttcttttggtcgecattag

ggtacccagcttttgttccctttagtgagg

gagctccaattcgccctatagtgagtcg

cctcactaaagggaacaaaagctgggtacctcgatcaaattgtatcttttgtg-

catttaataatactcctttaaaatatc

tattttaaaggagtattattaaatgacgttatttggcggattattc

cgactcactatagggcgaattggagctctatttttacatataaaaatttgtattc

ttctgattttgctaaaaatgaag

ttttgttattgectttttgttate

gtcaatatttcgctccaggatcagtaa

cttactgatcctggagcgaaatattgac

caatcttaggtacggcattagaaaac

catctatagctgtgtggtaatcaatg

cattgattaccacacagctatagatg

gttttctaatgccgtacctaagattg

ttgacgaatgtgattggttctattgaggggcataac

67



SitelR

SitedF

SitedR

Site6F

Site6R

ctgattcgtaatatctgtaccggatccgtgatg

ggtgtaacttcaactgctaaagtaccagaaattaaaaatg

atttaagtttaattcgtagtcaccttgatgtaaac

gcttatattgaccctgaaaatgtacaaactaatggaaatcaaac

gggcatggtcaaagttgcttttacatcaaccttatcttcaatatc
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Chapter 3

In silico identification of novel inhibitors of serine
aspartate repeat protein C-mediated biofilm formation

of Staphylococcus aureus
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3.1 Introduction

S. aureus biofilm formation is multifactorial occurring through three distinct phases;
primary attachment, biofilm accumulation and maturation and biofilm dispersal
(Section 1.5). The main mechanisms of biofilm accumulation are mediated by the
exopolysaccharide polysaccharide intercellular adhesin (PIA-dependent biofilm) or by
S. aureus cell wall-anchored proteins (protein-dependent biofilm) (Section 1.5.2). To
date, several cell wall-anchored proteins have been shown to mediate biofilm
accumulation, namely the fibronectin binding proteins (FnBPs) A and B, the serine
aspartate repeat protein (Sdr) C, serine rich adhesion for platelets (SraP), clumping
factor B (CIfB), protein A, biofilm-associated protein (Bap) and S. aureus surface
proteins (Sas) C, SasX and SasG (Speziale et al., 2014). There is growing evidence that
the mechanism for protein-dependent biofilm accumulation involves the same
proteins on adjacent bacterial cells forming homophilic interactions allowing bacteria

to aggregate and biofilm to accumulate (Speziale et al., 2014).

The S. aureus cell wall-anchored protein SdrC mediates biofilm accumulation in the S.
aureus laboratory strain Newman (Barbu et al., 2014). An SdrC-deficient mutant of
Newman had a reduced ability to form biofilm compared to the parental strain.
Expression of SdrC in the surrogate host Lactococcus lactis (L. lactis pKS80::sdrC)
produced a similar level of biofilm as L. lactis expressing other S. aureus cell wall-
anchored proteins known to mediate biofilm accumulation (Barbu et al., 2014).

However, the clinical relevance of SdrC-mediated biofilm remains unknown.

L. lactis has been widely used in functional studies of cell wall-anchored proteins of S.
aureus (Foster et al., 2014). This is due to the high level of functional redundancy
among S. aureus proteins and the multifactorial nature of S. aureus biofilm formation
which complicates the study of a single factor in vitro. L. lactis is a non-pathogenic
Gram-positive bacterium which does not form biofilm. Thus, expression of SdrC in this
surrogate host allows the study of biofilm which is mediated solely by SdrC without

any interference from other S. aureus factors.

SdrC is a member of the microbial surface components recognizing adhesive matrix

molecules (MSCRAMM) family of S. aureus cell wall-anchored proteins (Section 1.4.1)
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(Foster et al., 2014). The MSCRAMM family share a conserved domain structure and
are characterised by the presence of two tandem IgG-like folded subdomains termed
N2 and N3 followed by a long, unstructured repeat region (Foster et al., 2014) (Fig
31).

The N2 subdomain of SdrC forms homophilic interactions (Barbu et al., 2014). These
homophilic interactions lead to cell-cell aggregation and biofilm accumulation.
Through the use of phage display, two amino acid pentamer motifs of the N2
subdomain were identified; RPGSV and VDQYT, which specifically bound recombinant
SdrCN2N3 and not SArGN2N3, a closely-related MSCRAMM from S. epidermidis (Barbu
et al., 2014). Specific purified phage clones expressing either motif alone caused ~50%
reduction in recombinant SdrC N2 dimerization while phage expressing both the
consensus motifs; RPGSV and VDQYT, completely inhibited this homophilic
dimerization (Barbu et al., 2014). Thus, both motifs were implicated as dimerization
sites in SdrC homophilic interactions. It was also shown that SdrC is capable of
mediating primary attachment to abiotic surfaces using the surrogate host L. lactis
(Barbu et al., 2014, Feuillie et al., 2017). This suggests SdrC has two functions in biofilm

formation; firstly in mediating primary attachment and then in biofilm accumulation.

Aside from its role in biofilm formation, previous studies identified a role for SdrC in
promoting adherence of S. aureus strain Newman to human desquamated nasal
epithelial cells (Corrigan et al., 2009) suggesting it could have a role in nasal
colonisation. However, the ligand for SdrC on desquamated nasal epithelial cells has
not been identified. The N2N3 subdomains of SdrC bind to human B-neurexin (Barbu
et al., 2010). SdrC recognises the sequence ‘SLGAHHIHHFHGSSKHHS’ in B-neurexin

(Barbu et al., 2010). However, the biological relevance of this interaction is unclear.
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A R region LPXTG

FIG 3.1 Schematic of the MSCRAMM domain organization. The N-terminal signal
sequence (S) is followed by the A domain which consists of three independently folded
subdomains; N1, N2 and N3. This is followed by a long unstructured repeat (R) region.
For SdrC, this R region consists of serine-aspartate (SD) dipeptide repeats. SdrC
contains two tandem B domains between the A domain and R region. Following the R
region is a proline rich region predicted to span the call wall (W) and a sorting signal
(SS) which contains the ‘LPXTG’ motif. The arrow indicates the cleavage site for the

enzyme sortase A.
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In this chapter the molecular mechanism of SdrC-mediated biofilm is explored and
novel inhibitors of SdrC biofilm are identified. Differential Scanning Fluorimetry (DSF)
is used to screen putative inhibitors for binding to a recombinant polypeptide
comprising SArC subdomains N2 and N3. DSF is a spectroscopy based technique which
measures the unfolding of protein structures over an increasing temperature gradient
(Mashalidis et al., 2013) (Fig 3.2). With increasing temperature proteins begin to
unfold and their inner hydrophobic residues become exposed. DSF measures the
increase in fluorescence of a dye which preferentially binds these inner hydrophobic
residues. When the protein is completely unfolded, it begins to aggregate and the dye
no longer has access to these hydrophobic residues. Thus, the dye dissociates and
fluorescence does not increase further. The point at which 50 % of the protein is
unfolded is termed its melting temperature (T,). This temperature differs among
proteins due to differences in their sequence and structure and is dependent upon the
stability of these structures as temperature increases. If an inhibitor or ligand binds
the protein and stabilises its structure, the melting temperature of the protein will
increase. DSF is widely used as an initial screening tool for rational inhibitor
identification studies (Mashalidis et al., 2013). DSF is an ideal screening tool due to the
relatively low amount of purified protein required and its semi-high throughput nature

(Mashalidis et al., 2013).

The specific aims of this study were to identify novel small molecules which bind to
motifs RPGSV and/or VDQYT in order to prevent SdrC-dependent biofilm formation
through the inhibition of SdrC homophilic interactions. Along with inhibitor
identification, this study aimed to further characterise SdrC homophilic interactions
and assess the clinical relevance of SdrC-mediated biofilm. This study successfully
utilised a rational inhibitor design approach and identified several novel inhibitors of
SdrC-mediated biofilm. These inhibitors may serve as scaffolds for further drug design.
This study also identified a role for SdrC in biofilm accumulation in a hospital
associated (HA)- methicillin resistant S. aureus (MRSA) isolate and defined an

important residue involved in SdrC homophilic interactions.

73



Protein unfolded and
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Flourescence

Temperature °C -

FIG 3.2 Principles of Differential Scanning Fluorimetry (DSF). The protein is gradually
heated in the presence of a dye which fluoresces upon binding hydrophobic residues.
As the protein is heated, it begins to unfold and its inner hydrophobic residues
become exposed. The dye binds these residues and fluoresces. Dye binding and
fluorescence increases as the protein unfolds to a maximum point where the protein is
fully unfolded. The unfolded protein then aggregates and the dye dissociates causing a
decrease in fluorescence. The point at which 50 % of the protein is unfolded is termed

its melting temperature (T,).
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3.2 Results
3.2.1 In silico molecular modelling of the structure of SdrC N2N3 subdomains.

SdrC mediates biofilm accumulation through homophilic interactions of its N2
subdomain (Barbu et al., 2014). The structure of SdrC N2N3 subdomains has not been
solved to date. In order to identify putative inhibitors by in silico methods, it was
necessary to construct a homology model of SdrC subdomains N2 and N3 (SdrCN2N3).
Homology models were constructed in silico using two programs; I-TASSER (Zhang,
2008) and Phyre? (Kelley & Sternberg, 2009). Homology models are generated based
on proteins with known crystal structures. I-TASSER produced one homology model of
SdrCN2N3 which was based on the crystal structure of SdrG, an MSCRAMM of S.
epidermidis in complex with its ligand (Fig 3.3A). Phyre” generated several homology
models for SArCN2N3 based on different MSCRAMMSs namely; CIfA, CIfB, FnBPA and
SdrD of S. aureus and SdrG of S. epidermidis (Table 3.1). The models generated by
Phyre” are ranked by confidence scores from 0 to 100 based on the probability that
there is true homology between the sequence submitted and the template utilised for
the homology model generation (Kelley & Sternberg, 2009). The SdrCN2N3 model with
the highest confidence score was based on CIfA in its apo form (Fig 3.3B). Both
homology models of SArCN2N3 show tandem IgG-like folds with a hydrophobic trench
located between the subdomains (Fig 3.3). The root mean square deviation (RMSD)
between the models generated by ITASSER and Phyre2 was 1.038 A highlighting the
overall similarity of the models generated from the two different programs. All
MSCRAMM N2N3 subdomain proteins crystallised to date; CIfA (Ganesh et al., 2008),
CIfB (Ganesh et al., 2011), FnBPA (Stemberk et al., 2014), SdrD (Wang et al., 2013) and
SdrE (Zhang et al., 2017) of S. aureus and SdrG (Ponnuraj et al., 2003, Bowden et al.,
2008) of S. epidermidis have this overall domain structure. Thus, it is most likely

SdrCN2N3 also adopts this structure.
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Table 3.1 SArCN2N3 homology models generated by Phyrez

Model” Crystal Model Confidence Sequence Sequence PDB
structure Rank (%) identity Coverage ID
source (%) (%)

CIfA 1 100 21 99 IN67

CIfB 2 100 27 98 4F24

CifAin 4 100 21 98 2VR3
complex
with the
fibrinogen y-
chain

peptide
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CifB 5 100 28 94 3AUO

SdrG 6 100 21 94 1R17

FnBPA in 8 100 19 95 4B60
complex

with the

fibrinogen y-

chain

peptide

;\/\;7 M/ SdrD 12 100 25 98 4JE0

?SdrC models are shown in ribbon structure with the backbone of the RPGSV motif coloured magenta

and the backbone of the VDQYT motif in blue.
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3.2.2 In silico analysis of RPGSV and VDQYT motifs

Two pentamer motifs involved in SdrC homodimer formation were previously
identified by phage display; RPGSV and VDQYT (Barbu et al., 2014). The RPGSV and
VDQYT motifs of the homology models were analysed in silico in order to make
predictions of the type of homophilic interactions occurring and to assess the
feasibility of small molecule inhibitor docking. The RPGSV and VDQYT motifs are
located in the same region on all homology models generated based on other
MSCRAMMs (Fig 3.3, Table 3.1). The RPGSV motif is located in the trench between
subdomains N2 and N3 (Fig 3.4A and B) and the VDQYT motif is located at the base of
subdomain N2 (Fig 3.4D and E). The RPGSV residues are located on a flexible linker
region between two B-strands of subdomain N2 although P,43 may add some rigidity
to the region and all residues are predicted to be surface accessible. R,47 is predicted
to contribute to a positively charged pocket (Fig 3.4C). All residues except Vagg of the
VDQYT motif are predicted to be surface exposed projecting from the protein (Fig
3.4F). V,g3 is located in a turn of a short a-helix but the remaining residues are located
in a flexible linker region. The VDQYT residues form a pocket at the base of subdomain
N2 where D,g9 contributes to the negative charge of this pocket (Fig 3.4E). Both the
RPGSV and VDQYT sites are predicted to be surface exposed and thus available to form
homophilic interactions and are accessible sites for an inhibitor to bind. Notably, the
RPGSV motif is predicted to form part of a positively charged pocket and the VDQYT
motif part of a negatively charged pocket. Based on the charges at each site and the in
silico prediction of their surface accessibility, there is the possibility that the
homophilic interaction may be based on charge attraction. Furthermore, these sites
are suitable for in silico docking of small molecules as they form part of a pocket into

which an inhibitor could dock.
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FIG 3.4. Position of the RPGSV and VDQYT motifs. A and B) The location of RPGSV on
SdrC. SdrC is shown in space filled with the RPGSV motif coloured magenta. Two sides
of SdrC are shown. C) Ry47 contributes to a positively charged pocket. SdrC is shown in
space filled with amino acid residues coloured by charge (red=negative, blue=positive,
white=no charge). The location of Rys7 (R) is indicated. D) The location of VDQYT on
SdrC. SdrC is shown in space filled with the VDQYT motif coloured blue. E) VDQYT
forms part of a negatively charged pocket. SdrC is shown in space filled from the base
of subdomain N2 and coloured by charge. The location of D,gg (D) is indicated. F) The
side chains of residues D,gq-Tyg; are projected from the surface of SdrC. SdrC is shown
in ribbon format with amino acid residues shown as sticks and D,g9-T»92 shown in blue
and indicated (D, Q, Y, T). The SdrC model used here was generated by Phyre” based
on CIfA.
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3.2.3 In silico docking of two small molecule libraries targeting SdrC

Two small molecule libraries were screened to identify putative inhibitors of SdrC-
mediated biofilm; the Zinc database (Irwin et al., 2012), specifically the clean lead
subset, and ‘The Malaria box’ of compounds provided by the Medicines for Malaria
Venture (MMV) (Spangenberg et al., 2013). The Zinc database contains commercially
available compounds (Irwin et al., 2012) and was screened for putative inhibitors that
would dock at either the RPGSV or VDQYT motifs of the SdrC models using the online
docking program DOCK Blaster (Irwin et al., 2009). DOCK Blaster ranks the molecules
in order of predicted binding affinity to the specified target site (kcal/mol) (Irwin et al.,
2009). Identified small molecules were further studied in their docked position at SdrC
with Chimera (Pettersen et al., 2004) used for visualisation of these complexes. The
predicted docking sites of the small molecules were examined and putative
interactions to SdrC and more specifically, the RPGSV or VDQYT residues, were
predicted allowing an informed identification of putative inhibitors and selection for in

vitro analysis (Tables 3.2 and 3.3).

Nine small molecules from the Zinc library screen which docked at the RPGSV motif
were analysed in silico. All nine molecules docked in the positively charged pocket of
RPGSV. They also all contained a negatively charged carboxylate group (COO’) which
allows interactions to the positively charged pocket. Thus, due to these initial overall
similarities among the small molecules, the small molecules were selected based on
their putative hydrogen bonds and contacts to the RPGSV motif. From these analyses
two small molecules; termed LH1 and LH5, were selected which were both predicted
to form salt bridges to the positively charged side chain of residue Ry47 through their
carboxylate group (Tables 3.2 and 3.3). Seventeen small molecules from the Zinc
library screen that docked at the VDQYT motif were further examined in silico. All
seventeen of these small molecules docked at the negatively charged pocket partially
formed by residues VDQYT. Twelve of the seventeen small molecules contained a
similar substructure (Table 3.2). On comparison of these molecules the common
substructure docked in the pocket at the VDQYT residues and interacted with the
protein but the variable region of each molecule projected out from the protein and

was not predicted to interact with residues VDQYT. Thus, this structural similarity was
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highlighted in the screen as a potential chemical structure for interaction to the
VDQYT motif. A representative compound; termed LH3, containing this substructure
was selected for in vitro analysis (Tables 3.2 and 3.3). Two other small molecules of
structural diversity which dock at the VDQYT motif; termed LH2 and LH4, were also
selected for further analysis in vitro (Tables 3.2 and 3.3). Only one of the three
compounds, LH4, is predicted to form a hydrogen bond to the VDQYT motif.
Interestingly, LH2 and LH4 are also predicted to dock at the RPGSV motif (Table 3.3).
However, this docking is not at the positively charged pocket but at the opening of the

trench between subdomains N2 and N3.
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TABLE 3.2. Chemical structures of compounds from the Zinc library screen selected for in vitro

screening
Chemical Name Abbreviation Zinc ID° Chemical structure” Molecular
weight
, E'[N'(Z'S' LH1 ZINC HaC 0
dighlaraphen) 04777325 0 >—4 311.17
methanesulfonamido] e OH
propanoic acid i
CHs
a Cl
N-(3-ethylphenyl)-2 v
3-8 y_ﬁ enyl)-2- LH2 ZINC o :@\ 0 317.37
oxo0-2,3-dihydro-1H- 07486132 N /
1,3-benzodiazole-5- O// SN
sulfonamide
CH,4
€
o (o]
; ; Y4
6'[(T'm;thy'p'peraz'"' LH3 ZINC s o u/\‘ 324.36
1-yl)sulfonyl]-1,2,3,4- 13582133 o K/"\
tetrahydroquinoxaline CHgy
-2,3-dione o o+
hydrochloride
= = - HyC
;’(1"' i | LH4 ZINC R 323.38
enzodiazol-2-yl)-4- 12323863 Y /N
methyl-2-(1H-pyrrol-1- /|k
yl)-1,3-thiazole-5- . : NN\
carboxamide I\/
H3C
(7 (o = (&)
542 methl‘_’:_"ethy') : LH5 ZINC92065 319.4
If(pYrI;o'l |n'e;-.1- i 187 e //o
sulfonyl)piperidine-3- s
yl)pIp A 4

carboxylic acid

OH

“Zinc ID = Identification code in the Zinc library.

® Atoms are coloured by element with oxygens in red, nitrogens in blue, sulphurs in brown, chlorines in
green and carbons and hydrogens in black.

Substructure found in twelve of the seventeen inhibitors examined docked at the VDQYT motif.
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TABLE 3.3. In silico docking results of compounds from the Zinc library screen

Name Site of In silico binding  Hydrogen (H-) bonds Docking at SdrC”
docking affinity (kcal/ and contacts to
mol) RPGSV and/or VDQYT
motif
LH1 RPGSV; -78.25 3 H-bonds:
positively -2 x COO group to
charged R247
pocket -5=0 to R306"
7 contacts to R247
and V251
LH2 VDQYT; -112 1 H-bond
negatively -to D289
charged
pocket 33 contacts to
residues V288,D0289,
Y291 and T292
RPGSV; -88.65 No H-bonds to RPGSV
opening 18 contacts to
of trench residues P248, S250
and V251
LH3 VDQYT; -104.9 1 H-bond:
negatively -None to VDQYT
charged -1toV232°
pocket

47 contacts to
V288,D0289, Y291 and
T292
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LH4 VDQYT; -99.18 1 H-bond
negatively -None to VDQYT
charged -1to V232
pocket 30 contacts to
residues V288,D289,
Y291 and T292
RPGSV; -97.16 No H-bonds to RPGSV
opening 11 contacts to V251
of trench
LH5 RPGSV; -73.57 3 H-bonds:
positively -COO group to R247
charged -S=0 to R247
pocket -COO group to R306

11 contacts to R247
and V251

?SdrC is shown in space filled with the RPGSV motif in magenta or the VDQYT motif in blue. The
small molecules are shown in space filled with LH1, LH2, LH3, LH4 and LH5 coloured grey, purple,
green, orange and black, respectively. For small molecules docked at the VDQYT motif SdrC is
viewed from the base of subdomain N2.

®R306is a neighbouring residue of the RPGSV motif which also contributes to the same positively
charged pocket as R247.

€V232is a neighbouring residue of the VDQYT motif which forms part of the same pocket at the
base of subdomain N2.
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‘The Malaria box’ library was screened for compounds docking at the RPGSV or VDQYT
motifs on the I-TASSER generated SdrC homology model and, separately, on the Phyre?
generated SdrC model using Autodock vina (Trott & Olson, 2010). ‘The Malaria box’
consists of 400 freely available compounds originally identified for their antiparasitic
properties against Plasmodium species, the causative agent of malaria (Spangenberg
et al., 2013). Although this library is relatively small in comparison to the Zinc database
it allows access to many diverse chemical scaffolds. The 400 compounds include 200
probe-like and 200 drug-like molecules which were selected from 20,000 hits in order
to provide a high level of structural diversity (Spangenberg et al., 2013). The
compounds were also selected based on an acceptable level of cytotoxicity for initial
drug discovery programmes with compounds included having a 10-fold reduction in
toxicity against human embryonic kidney cells in comparison to Plasmodium
falciparum. In the case of drug-like molecules, they were also selected based on
properties favourable for oral absorption and any compounds with known
toxicophores were not included (Spangenberg et al., 2013). This database is known to
also contain compounds with bacterial targets. Similar to DOCK Blaster, Autodock vina
(Trott & Olson, 2010) also provides predicted binding affinities of each small molecule
for the site and model specified (kcal/mol) (Trott & Olson, 2010). From this screen,
compounds with high affinity scores across both models were visualised docking with
SdrC using Chimera. Again, analysis of the docking location of compounds and their
predicted interactions to SdrC and specifically, the RPGSV and VDQYT motifs, were
assessed. Nine compounds were selected for further in vitro analysis (Tables 3.4 and
3.5). All nine compounds dock at the RPGSV motif. In contrast to the selected small
molecules from the Zinc library, these compounds are larger in size (>400 Daltons in
comparison to ~300 Daltons) and do not make a large number of hydrogen bonds or
contacts to the RPGSV motif. However, they do have high affinity for the site and all
docked at the opening of the trench. In all cases, except for LH10, when visualised
using Chimera, the selected compounds are predicted to almost fully block the
opening of the trench (Table 3.5). LH10 only partially blocks this opening. Thus, along
with having high affinity for the target site, based on the predicted docking sites, these
compounds may also sterically restrict access to the RPGSV motif preventing the

necessary homophilic interactions in SdrC-mediated biofilm accumulation.
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TABLE 3.4. Chemical structures of compounds from the ‘Malaria Box’

Chemical Name Abbreviation ‘Malaria Chemical structure® Molecular
Box’ ID? weight
4-chloro-N-[4-[6-[(4- LHE MMV a\((\ 501.4
| Y H
chlorobenzoyl)amino]- 006962 \J\r" e e N
1H-benzimidazol-2- °
yllphenyl]benzamide
3-b N-[4-(1H i el { s
-bromo-N-[4-(1H- de e
019241 = =
naphtho(2,3- "/)_Q-H/:}
dlimidazol-2- »
yl)phenyl]benzamide
1-N,3-N,5-N-tris(1- LH8 MMV (@ 723
benzylpiperidin-4- 019881 [
yl)benzene-1,3,5- Q
tricarboxamide o n
O,
N -0
@\/O/ o H“
N-{4-[(4- LH9 MMV 15 413.5
ethylpiperazin-1- 020548 0}‘—2]:5)
o \
yl)methyl]phenyl}-1H- I/—@-"-,,
pyrrolo[3,2- (_}

i )

h]quinoline-2-

carboxamide
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5-(5-bromo-2-
methoxyphenyl)-2-
phenyl-2,3,5,6-
tetrahydro-1H-
benzo[a]phenanthridin

-4-one

cyclohexyl-[4-[2-(4-
methoxyphenyl)-
5,6,7,8-tetrahydro-
[1]benzothiolo[2,3-
d]pyrimidin-4-
yl]lpiperazin-1-

yllmethanone

N-(3-methyi-1-(4-oxo-
1-(m-tolyl)-4,5-
dihydro-1H-
pyrazolo[3,4-
d]pyrimidin-6-yl)-1H-
pyrazol-5-
yl)benzofuran-2-

carboxamide

2,3-
Quinoxalinediamine,
N,N'-bis[3-
(trifluoromethyl)pheny
1

LH10 MMV
020885
LH11 MMV
396594
LH12 MMV
403679
LH13 MMV
665794

~ 510.4

/

=\, / 490.7
s o

465.5

F 448.4
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[2-imino-5-oxo0-1-(2- LH14 MMV s 479.5
phenylethyl)(1,6- 665881
dihydropyridino[1,2-
alpyridino([2,3-d]pyri
midin-3-yl)]-N-[(4-
methoxyphenyl)methy

llcarboxamide

“ “Malaria Box’ ID = Identification code for compounds in the ‘Malaria Box'.
®Atoms are coloured by element with oxygens in red, nitrogens in blue, sulphurs in yellow, chlorines in

green, bromines in orange, fluorines in purple, hydrogens in grey and carbons in black.
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TABLE 3.5. In silico docking results of compounds from ‘The Malaria box’ screen

Abbreviation

Docking site

Binding
affinity

Hydrogen
(H-) bonds

(kcal/mol) and contacts

to RPGSV

motif

Image of small molecule

docked at Sdrc’

LH6

LH7

LH8

LH9

RPGSV motif,
across the
opening of the

trench

RPGSV motif,

inside the trench

RPGSV motif,
across the
opening of the

trench

RPGSV motif,
across the
opening of the

trench

4 contacts to
G249 and
S250

2 contacts to
G249 and
S250

9 contacts to
G249 and
S$250

1 contact to

S250
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LH10 RPGSV motif, in -8.9 4 contacts to
the trench S$250

LH11 RPGSV motif, -8.8 3 contacts to
across the G249 and
opening of the $250
trench

LH12 RPGSV motif, -8.8 -1 H-bond to
across the G249
opening of the -4 contacts
trench to G249 and

S250

LH13 RPGSV motif, at 9.4 4 contacts to
the opening of G249 and
the trench S250

LH14 RPGSV motif, -8.8 5 contacts to
across the G249 and
opening of the $250

trench

“The SdrC homology model generated by Phyre2 based on CIfA is shown in space filled.

Each small molecule is shown docked in space filled and coloured.
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3.2.4 Assessment of the ability of putative SdrC inhibitors to bind recombinant SdrC

by Differential Scanning Fluorimetry

In order to assess if putative inhibitors can bind recombinant SdrC protein, DNA
encoding subdomains N2 and N3 of sdrC was cloned into the IPTG-inducible vector
pQE30 and recombinant SdrC N2N3 (rSdrC) was purified with an N-terminal
hexahistidine tag. The purity and integrity of rSdrC was assessed by SDS-PAGE and
coomassie blue protein staining (Fig 3.5A) or Western immunoblot with an antibody
detecting the hexahistidine tag (Fig. 3.5B). Purified rSdrC migrates according to size
(~37 kDa) (Fig 3.5A and B). A faint band of higher molecular weight (~70 kDa) is visible
on the Coomassie stained gel (Fig 3.5A). This likely corresponds to a dimer of SdrC. In
the Western immunoblot, several other faint bands of higher molecular weight can
also be observed. These may correspond to dimer formation (~70 kDa) and breakdown

products of this dimer (Fig 3.5B).

Binding of the fourteen selected compounds (25 uM) to rSdrC protein (0.5 mg/ml) was
then tested by differential scanning fluorimetry (DSF) as the first step in screening the
potential inhibitors. Five compounds significantly increased the melting temperature
of rSdrC by 22 °C; LH4 by 2.4 + 0.6 °C (Fig 3.6A), LH6 by 4.4 + 0.9 °C (Fig 3.6B), LH7 by
6.5 £ 1.7 °C (Fig 3.6C), LH10 by 1.9 + 0.04 °C (Fig 3.6D) and LH13 by 6.9 + 1.6 °C (Fig
3.6E). The change in melting temperature of rSdrC in the presence of the remaining
nine compounds was <2 °C (Table 3.6) and these are not considered to bind rSdrC in
this assay. Thus, 5 compounds; LH4, LH6, LH7, LH10 and LH13 predicted to target SdrC
by in silico docking were found to bind rSdrC increasing its melting temperature by >2
°C. All of these inhibitors are predicted to dock at the RPGSV motif with LH4 also
docking at the VDQYT motif of SdrC.
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FIG 3.5 Recombinant SdrC N2N3. A) Coomassie stained gel of recombinant SArCN2N3
(rSdrC). Purified rSdrC protein was separated on a 12.5% SDS gel and stained with
coomassie blue protein stain. B) Western Immunoblot of rSdrC. Purified rSdrC protein
was analysed by western immunoblot probing with anti-His IgG followed by protein A

peroxidase. Size markers (kDa) are shown.
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FIG 3.6 Differential scanning fluorimetry of recombinant SdrC N2N3 in the presence
of small molecules. Differential scanning fluorimetry was carried out with
recombinant SdrC N2N3 (0.5 mg/ml) and the reporter dye SYPRO orange in the
presence of compounds (25 uM) (A) LH4 (p-value=0.004), (B) LH6 (p-value=0.003), (C)
LH7 (p-value=0.055), (D) LH10 (p-value=0.04) and (E) LH13 (p-value=0.012). A DMSO
solvent control was carried out (labelled Vehicle control). Thermal melt curves were
generated using Prism Graphpad software version 5.01 and are the mean of three
independent experiments for all curves except for LH4 (A) which is the mean of five
independent experiments. Fluorescence values were normalised relative to the
minimum and maximum fluorescence values as 0 and 100 fluorescence units,
respectively. Thermal melt curves of fluorescence units vs temperature (°C) were
assessed. The melting temperature was identified as the temperature corresponding
to a fluorescence units value of 50. P-values were calculated using an unpaired two-

tailed Student’s t-test where p-values <0.05 are considered significant.
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TABLE 3.6. AT, of recombinant SdrC in the presence of small molecules

Small molecule AT, (°C)° SEM (°C)°
LH1 0.3 + 0.1
LH2 0.2 + 0.6
LH3 0.3 101
LHS5 0.4 +0.1
LH8 1.0 +0.3
LH9 0.8 +0.5
LH11 0.8 +0.6
LH12 0.8 0.5
LH14 0.7 +04

“The AT, isthe mean of three independent experiments.

b SEM=standard error of the mean.
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3.2.5 In silico docking of a peptide ligand of SArCN2N3

A peptide derived from the P-neurexin protein was previously shown to bind
recombinant SArCN2N3 (Barbu et al., 2010). The peptide binding site on SdrC and
mechanism of binding remains unknown. In silico docking of the B-neurexin derived
peptide to SdrC was carried out using Autodock vina to predict its binding site.
Surprisingly, the B-neurexin derived peptide was not predicted to dock in a linear
conformation along the trench which would be consistent to MSCRAMM-ligand
binding by dock, lock and latch (Section 1.4.1.1, Foster et al., 2014). In contrast, the B-
neurexin derived peptide was predicted to dock in a semi-circle conformation at the
opening of the trench and extending into the positively charged pocket (Fig 3.7).
Interestingly, the B-neurexin derived peptide docking occurs along the RPGSV motif
(Fig 3.7). The B-neurexin derived peptide is predicted to form 11 H-bonds to SdrC, one
of which is to residue G,49 of the RPGSV motif. The B-neurexin derived peptide was
also predicted to form a H-bond to Rsps, a neighbouring residue of the RPGSV motif,
which contributes to the same positively charged pocket as Rj;;. The B-neurexin
derived peptide forms a further 11 contacts to the RPGSV motif to all residues except
P.4g. Thus, we hypothesised that this peptide could potentially inhibit SdrC-mediated

biofilm.

3.2.6 Binding of the B-neurexin derived peptide to SdrC is not detected by

Differential Scanning Fluorimetry

The B-neurexin derived peptide was screened for binding to recombinant SdrC N2N3
(rSdrC) by DSF (Fig 3.8). The peptide did not significantly increase the melting
temperature of rSdrC (Fig 3.8). This indicates that, at least by DSF, binding of the
peptide to rSdrC is not detected. This is likely due to the crude nature of DSF as the
peptide had previously been shown to bind rSdrC in a more sensitive, fluorescence

polarization assay (Barbu et al., 2010).

96



FIG 3.7. Model of the pB-neurexin derived peptide in complex with SdrC.
SdrC N2 and N3 subdomains are shown in space filled coloured green and yellow,
respectively. The RPGSV and VDQYT motifs are coloured in blue and pink, respectively.
The peptide is shown in white in stick format. The image shown in panel B is rotated

42° right compared to the view in panel A.
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FIG 3.8 DSF of recombinant SdrC in the presence of the B-neurexin derived peptide.
DSF was carried out with recombinant SdrC (rSdrC; 0.5 mg/ml) and the reporter dye
SYPRO orange in the presence of the B-neurexin derived peptide (peptide; 25 puM).
Thermal melt curves were generated using Prism Graphpad software version 5.01 and
are the mean of three independent experiments. Fluorescence values were
normalised relative to the minimum and maximum fluorescence values as 0 and 100
fluorescence units, respectively. Thermal melt curves of fluorescence units vs
temperature (°C) were assessed and the melting temperature was identified as the

temperature corresponding to a fluorescence units value of 50.
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3.2.7 Assessment of small molecules and the B-neurexin derived peptide for

inhibition of SdrC-mediated biofilm using the surrogate host L. lactis expressing SdrC

The ability of the fourteen small molecules and the B-neurexin derived peptide to
inhibit SdrC-mediated biofilm in vitro was tested using the surrogate host L. lactis
expressing SArC. As S. aureus biofilm formation is multifactorial the use of a surrogate
host allowed the assessment of inhibition of biofilm mediated solely by SdrC with no
interference from other S. aureus factors. As L. lactis does not naturally produce a
biofilm, biofilm accumulation by L. lactis expressing SdrC is mediated solely by SdrC
(SdrC’). L. lactis carrying the empty pKS80 plasmid (SdrC’) was included to show the

level of biofilm produced that is not mediated by SdrC.

LH1-5 (50 uM), LH6-14 (25 uM) and the B-neurexin derived peptide (12.5 pM) were
assessed for their ability to inhibit SdrC-mediated biofilm formation (Fig 3.9A and B).
LH3, LH4, LH6, LH7, and LH12 significantly reduced SdrC-mediated biofilm formation
(Fig 3.9A). The peptide abolished SdrC-mediated biofilm reducing the biofilm formed
to a level similar to the negative control (SdrC’) (Fig 3.9A). A reduction in biofilm was
observed with LH1 and LH10 although the inhibition was not statistically significant
and likely requires further repeats (Fig 3.9A). LH2, LH5, LH8, LH9, LH11 and LH14 did
not significantly reduce SdrC-mediated biofilm (Fig 3.9B). Notably, LH13 was found to
be growth inhibitory at this stage as no bacterial growth could be measured in this
assay and thus was not investigated further. From these data, several small molecules
and a peptide were identified as inhibitors of SdrC-mediated biofilm. Interestingly, all
of the inhibitors found to bind rSdrC by DSF (Section 3.2.4) inhibited biofilm formation
in this assay. LH3 was not found to bind rSdrC by DSF but does inhibit SdrC-mediated
biofilm. However, of the biofilm inhibitors, LH3 is the only inhibitor which binds
exclusively to the VDQYT motif. As this motif is located at an outer region of the
protein, binding of the motif may not cause a stabilised structure increasing the

protein melting temperature.
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FIG 3.9. Assessment of small molecules and peptide for inhibition of SdrC-mediated
biofilm. L. lactis pKS80::sdrC (labelled SdrC*) was allowed to develop biofilm for 24 h
statically at 28 °C in the presence of LH1-5 (50 uM), LH6-14 (25 uM) and the B-
neurexin derived peptide (12.5 puM) in tissue-culture treated microtiter plates
(Nunclon delta). A solvent control (DMSO) was included for comparison to the small
molecules. L. lactis pKS80 (SdrC’) was included as a biofilm negative control. LH1, LH3,
LH4, LH6, LH7, LH10, LH12 and the peptide inhibited SdrC-mediated biofilm (A). LH2,
LH5, LH8, LH9, LH11 and LH14 did not inhibit SdrC-mediated biofilm (B). Biofilm was
stained with crystal violet and Aszonm measured. Aszonm Values were normalised as %
biofilm formation relative to the L. lactis pKS80::sdrC solvent control as 100% (DMSO).
All values are the mean of at least three independent experiments except for
assessment of LH8 which is the mean of two independent assays. Error bars present
SEM. P-values were calculated using a one-way ANOVA where *, ** and *** represent
p-values of <0.05, <0.01 and <0.001, respectively and values were compared to the
DMSO control. P-values >0.05 are considered not significant (ns).

99



This study aimed to identify inhibitors which target SdrC homophilic interactions and
prevent biofilm formation. Since inhibition of bacterial growth would reduce biofilm
formation, it was essential to assess if the SdrC inhibitors affect bacterial growth or if
the inhibition observed was solely due to disruption of SdrC interactions. Growth
curves of L. lactis pKS80::sdrC (SdrC’) with inhibitors LH1, LH3, LH4, LH6, LH7, LH10,
LH12 and the B-neurexin derived peptide or the relevant solvent control were carried
out (Fig 3.10). LH3 and the B-neurexin derived peptide had no effect on L. lactis
growth (Fig 3.10A, B). LH6, LH7 and LH10 had a minor effect on L. lactis growth,
increasing the length of the log phase of growth (Fig 3.10C). LH4 reduced the doubling
time of L. lactis while LH12 completely inhibited bacterial growth (Fig 3.10D).

3.2.8 The B-neurexin derived peptide inhibits SdrC-mediated biofilm with an ICs, of
~0.9 uM

The B-neurexin derived peptide was identified in initial biofilm inhibition tests as the
most potent inhibitor in this study. The B-neurexin derived peptide abolished SdrC-
mediated biofilm (12.5 uM) without affecting bacterial growth. The B-neurexin derived
peptide was then tested for inhibition of SdrC-mediated biofilm over a range of
concentrations to determine its 50 % Inhibitory Concentration (ICsp). The ICso was

determined to be ~0.9uM (Fig 3.11).

3.2.9 The peptide biofilm inhibitor does not disperse a mature biofilm

It was of interest to further assess the specificity of the B-neurexin derived peptide as
an inhibitor of SdrC homophilic interactions in biofilm. Thus, the peptide was assessed
for the ability to disperse a mature biofilm (Fig 3.12). Proteinase K was included as a
positive control as it disperses established protein-dependent biofilms (O'Neill et al.,
2008). The peptide did not have any effect on an already formed mature biofilm (Fig

3.12). This result indicates that the peptide is not able to disperse a mature biofilm.
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FIG 3.10. Representative growth curves of L. lactis with SdrC inhibitors. L. /actis SdrC"

was grown for 16 h statically with ODggonm Values measured at 30 min intervals in the

presence of small molecules LH3 (50 uM, A), the B-neurexin derived peptide (peptide;

12.5 pM, B), LH6, LH7 and LH10 (25 pM, C) , LH4 (50 uM, D) and LH12 (25 puM, D).

Growth curves of L. lactis SdrC* with DMSO (A, C, D) or no peptide (B) were measured

as controls for the inhibitors.
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FIG 3.11. The B-neurexin derived peptide inhibits SdrC-mediated biofilm with an ICs,
of ~0.9 uM. L. lactis pKS80::sdrC biofilm was allowed to develop for 24 h statically at
28 °C in the presence of varying concentrations of the peptide (0.195 uM to 12.5 uM)
in tissue-culture treated microtiter plates (Nunclon delta). Biofilm was stained with
crystal violet and Aszonm measured. As7onm Values were normalised as % biofilm
formation relative to the L. lactis pKS80::sdrC no peptide control as 100 %. Values are
the mean of three independent experiments. Error bars represent SEM. The ICso was

calculated from this curve.
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FIG 3.12. The peptide biofilm inhibitor does not disperse a mature biofilm. L. /actis
pKS80::sdrC biofilm was allowed to develop for 24 h statically at 28 °C. L. lactis pKS80
(SdrC’) was included as a control to show the level of biofilm formed in the absence of
SdrC. Established biofilms were then incubated with the peptide inhibitor (12.5 pM),
proteinase K (100 pg/ml) or diluent only (untreated) for 2 h at 28 °C. Biofilm was then
stained with crystal violet and As;onm values measured. As;onm Values were normalised
as % biofilm formation relative to the untreated control as 100 %. All values are the

mean of two independent experiments. Error bars present SEM.
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3.2.10 The SdrC peptide inhibitor does not inhibit biofilm mediated by FnBPs but
inhibits biofilm formed by the HA-MRSA isolate MRSA252.
Like SdrC, fibronectin binding proteins (FnBP) A and B are members of the MSCRAMM
family of cell wall-anchored proteins (Section 1.4.1) (Foster et al., 2014). FnBPs also
mediate biofilm accumulation in S. aureus through homophilic interactions of their
N2N3 subdomains (Geoghegan et al., 2013, O'Neill et al., 2008, Herman-Bausier et al.,
2015). It was of interest to assess if the B-neurexin derived peptide also inhibits biofilm
mediated by FnBPs. The HA-MRSA strain BH1CC is known to form a robust FnBP-
dependent biofilm (O'Neill et al., 2008, Geoghegan et al., 2013). The B-neurexin
derived peptide was assessed for inhibition of biofilm formed by BH1CC (Fig 3.13A).
The B-neurexin derived peptide did not reduce FnBP-mediated biofilm in BH1CC (Fig
3.13A). These data indicate that the B-neurexin derived peptide does not affect FnBP-

mediated biofilm and further indicates its specificity for SdrC.

To date, SdrC has been shown to promote biofilm in the S. aureus lab strain Newman
(Barbu et al., 2014). However, whether SdrC promotes biofilm in a clinical isolate
remains unknown. Generation of an sdrC deletion mutant of a clinical isolate is the
ideal way to assess this. Biofilm formed by the HA-MRSA clinical isolate MRSA252 was
inhibited by recombinant SdrC N2 subdomain protein in vitro (Barbu et al., 2014). This
indirectly suggested that MRSA252 biofilm may be mediated by SdrC. As shown here,
the SdrC peptide inhibitor appears to be specific to SdrC biofilm with no effect on
biofilm mediated by FnBPs. In order to further assess if SdrC may have a role in biofilm
formed by MRSA252, MRSA252 biofilm was screened in vitro for inhibition with the
peptide (Fig 3.13B). Biofilm formation by MRSA252 was significantly inhibited by the
peptide further indicating that MRSA252 may form an SdrC-mediated biofilm (Fig
3.13B). Inhibition of MRSA252 biofilm with the SdrC peptide inhibitor here and
recombinant SdrC N2 protein previously (Barbu et al., 2014) provided a strong

rationale for the generation of an sdrC deletion mutant of MRSA252.
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FIG 3.13. The SdrC peptide inhibitor does not inhibit FnBP-mediated biofilm but
inhibits MRSA252 biofilm. HA-MRSA strains BH1CC (A) or MRSA252 (B) were allowed
to form biofilm at 37 °C for 24 h in the presence or absence of the B-neurexin derived
peptide (12.5 uM). Biofilms were stained with crystal violet and As;onm Values
measured. Values are the mean of three independent experiments. Error bars
represent SEM. Statistical analysis was carried out using a one-way ANOVA with all
values compared (A) and an unpaired Student’s t- test (B) where * and *** represent

p-values of <0.05 and <£0.001 and a p-value >0.05 is considered not significant (ns).
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3.2.11 Generation of an sdrC deficient mutant of MRSA252 (MRSA252AsdrC) by

allelic exchange

In order to assess if SArC mediates biofilm in a clinically relevant S. aureus strain, an
sdrC-deficient mutant in the HA-MRSA strain MRSA252 was generated. In brief, a DNA
fragment encoding 486 nucleotides upstream of the sdrC gene and another DNA
fragment encoding 72 nucleotides of the 3’ end of sdrC and 359 nucleotides
downstream of sdrC were amplified by PCR using MRSA252 genomic DNA as template.
The DNA fragments were then joined by PCR and cloned into the plasmid pIMAY. The
resulting plasmid was transformed into Escherichia coli DC10B and the sequence of the
insert confirmed by DNA sequencing. The plasmid was extracted and transformed into
electrocompetent MRSA252 cells. Deletion of the sdrC gene was achieved by allelic
replacement (Monk et al., 2012). Deletion of the sdrC gene was confirmed by PCR and
DNA sequencing (Fig 3.14A). A sheep blood agar haemolysis assay was carried out to
ensure the mutant has the same pattern of haemolysis as MRSA252 (data not shown).
Growth curves were carried out to ensure the MRSA252AsdrC (AsdrC) strain had a

similar growth pattern to MRSA252 (Fig 3.14B).
3.2.12 SdrC promotes biofilm formation in the HA-MRSA strain MRSA252

The role of SdrC in biofilm formation of MRSA252 was then assessed in vitro. The
ability of MRSA252 and MRSA252AsdrC to form biofilm was compared (Fig 3.15).
Biofilm formation was significantly reduced in MRSA252AsdrC, by approximately 40%,
in comparison to the parental strain (Fig 3.15). This shows that SdrC promotes biofilm
in MRSA252. However, the deletion of sdrC did not abolish the ability of MRSA252 to
form biofilm with the MRSA252AsdrC still forming biofilm albeit to a significantly
reduced level (Fig 3.15). This indicates that MRSA252 biofilm involves other factors
along with SdrC. This is not surprising as biofilm formation in S. aureus is a

multifactorial process.
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FIG 3.14 Generation of an sdrC deficient mutant of MRSA252. A) Confirmation of
deletion of sdrC in MRSA252. The region of the sdrC gene on the chromosome was
amplified by PCR using primers located upstream and downstream of sdrC.
MRSA252AsdrC yielded a product of approximately 1 kb (lanes 3 and 4) in comparison
to a 4 kb product for the parental strain (lanes 1 and 2) confirming deletion of the
gene. Size markers (kb) are shown. A schematic of the sdrC gene in MRSA252 and the
primers used to confirm the deletion is shown below the gel image. B) MRSA252AsdrC
(AsdrC) has a similar growth pattern to MRSA252. MRSA252 strains were grown in TSB
for 18 h with shaking. ODgoonm Values were measured at 30 min intervals. The growth

curve is representative of three independent experiments.
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FIG 3.15. SdrC promotes biofilm in MRSA252. MRSA252 and MRSA252AsdrC (AsdrC)
strains were allowed to form biofilm for 24 h at 37 °C. Biofilm was stained with crystal
violet and As7onm Vvalues measured. As;onm Values were normalised as % biofilm
formation relative to MRSA252. Values are the mean of eight independent
experiments. Error bars represent SEM. P-values were calculated using an unpaired

Student’s t-test where *** represents a p-value of <0.001.
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3.2.13 SdrC forms specific homophilic interactions between MRSA252 cells

SdrC-mediated biofilm in MRSA252 is likely to involve the formation of SdrC
homophilic interactions between adjacent bacteria. To confirm that SdrC homophilic
interactions are occurring between MRSA252 cells, the ability of MRSA252 and
MRSA252AsdrC single cells to interact was assessed using atomic force microscopy
(AFM) by Cécile Feuillie and Cécile Formosa-Dague at the Institute of Life Sciences,
Université Catholique de Louvain (Fig 3.16). More specifically, single cell force
spectroscopy was used to assess the adhesion frequency and force between single
cells. Single well-defined adhesion peaks where observed for MRSA252 cells (Fig 3.16A
and B). The frequency of adhesion and the adhesion force between cells increased
with increasing contact time (from 0.1 sec to 1 sec; Fig 3.16C and D) with an adhesion
force of 42 + 16 pN measured between cells. This force is consistent with a single SdrC-
SdrC bond (Feuillie et al., 2017). A large reduction in cell-cell adhesion was observed
between MRSA252AsdrC cells (Fig 3.16E and F). This indicates that the intercellular
adhesion observed between MRSA252 cells is mediated by SdrC. Furthermore, cell
adhesion between MRSA252 and MRSA252AsdrC cells was also greatly reduced (Fig
3.16G and H). This confirms that the interactions between MRSA252 cells consist of
SdrC homophilic interactions and that SdrC is not interacting with another surface
component. These data show that adjacent MRSA252 cells adhere through SdrC
homophilic interactions supporting a role for SdrC in promoting MRSA252 aggregation

and biofilm formation.
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FIG 3.16. SdrC homophilic interactions between MRSA252 cells. (A and C) Adhesion
force and (B and D) rupture distance histograms obtained at 100 ms (A and B) or 1 s (C
and D) contact time in PBS buffer for six cell pairs of MRSA252. Results obtained at 1 s
for six cell pairs of MRSA252AsdrC (E and F) and for six pairs of MRSA252 and
MRSA252AsdrC cells (G and H). (Insets) Representative force signatures. All curves
were obtained using an applied force of 250 pN and an approach and retraction speed
of 1.0 um/s. AFM experiments were carried out by Cécile Feuillie and Cécile Formosa-

Dague at the Institute of Life Sciences, Université Catholique de Louvain.
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3.2.14 Assessment of SdrC inhibitors for inhibition of MRSA252 biofilm

This study identified six small molecules and a peptide which inhibit SdrC-mediated
biofilm using the surrogate host L. lactis. SdrC promotes biofilm formation in the HA-
MRSA strain MRSA252. Thus, the small molecules and peptide were assessed for their
ability to inhibit biofilm formed by MRSA252 (Fig 3.17). The small molecule LH4 and
the peptide were found to significantly reduce MRSA252 biofilm (Fig 3.17). Small
molecules LH1, LH3, LH6 and LH7 did not affect MRSA252 biofilm (Fig 3.17). LH10 had
significant effects on growth at the concentration tested in this assay and thus, is not
shown here. LH10 was further assessed for inhibition of MRSA252 biofilm at lower

concentrations (Fig 3.18).

In order to assess if LH10 inhibited SdrC-mediated biofilm at sub growth inhibitory
concentrations, growth curves and biofilm assays with MRSA252 in the presence of
LH10 over a range of concentrations were carried out (Fig 3.18A and B). LH10 inhibited
MRSA252 growth at 50 uM but had only a minor effect on growth at 25 uM and did
not inhibit growth at concentrations lower than 25 uM (Fig 3.18A). However, LH10
inhibited MRSA252 biofilm at all concentrations tested except 1.5 uM (Fig 3.18B).
These data indicate that LH10 inhibits MRSA252 biofilm and, only at higher

concentrations, is also growth inhibitory.

LH4 inhibits MRSA252 biofilm formation (Fig 3.17). As LH4 caused some growth
inhibition of L. lactis at 50 pM, it was important to assess if LH4 inhibits MRSA252
growth in order to assess if it is an anti-biofilm inhibitor or affecting growth. Growth
curves and biofilm assays of MRSA252 in the presence of LH4 over a range of
concentrations were carried out (Fig 3.18C and D). LH4 had minor effects on growth of
MRSA252 at concentrations of 50 uM and 25 uM with no growth inhibition occurring
at concentrations lower than this (Fig 3.18C). However, LH4 inhibited MRSA252 biofilm
at all concentrations tested except 1.5 uM (Fig 3.18D). These data indicate that LH4
has little to no effect on MRSA252 growth but is a potent anti-biofilm inhibitor. From
these data, three SdrC inhibitors, the two small molecules, LH4 and LH10, and the B-

neurexin derived peptide significantly inhibited MRSA252 biofilm.
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FIG 3.17. Assessment of inhibition of MRSA252 biofilm. MRSA252 biofilm was
allowed to develop at 37 °C for 24 h in the presence of small molecules LH1, LH3, LH4,
LH6 and LH7 (50 uM), the B-neurexin derived peptide (12.5 uM) or the relevant
solvent (solvent control). MRSA252AsdrC was included to show the level of biofilm
formed without SdrC expressed. Biofilm was stained with crystal violet and As7onm
values measured. Values were normalised as % biofilm formation relative to the
MRSA252 solvent control as 100 %. Values are the mean of at least three independent
experiments. Error bars represent SEM. P-values were calculated with values
compared to the MRSA252 solvent control in each assay using a one-way ANOVA
where * and ** represent p-values of <0.05 and <0.01, respectively and a p-value

>0.05 is considered not significant (ns).
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FIG 3.18. Assessment of LH4 and LH10 for inhibition of MRSA252 growth and biofilm.
A and C) MRSA252 was grown for 18 h at 37 °C shaking in the presence of varying
concentrations of LH4 and LH10 (1.56 uM =50 uM) or DMSO. ODggonm Values were
measured at 30 min intervals. Growth curves are representative of three independent
experiments. B and D) MRSA252 biofilm was allowed to develop for 24 h at 37 °C
statically in the presence of LH4 and LH10 at varying concentrations (1.56 uM — 50 uM)
or DMSO. Biofilm was stained with crystal violet and As;onm values measured. As7onm
values are normalised as % biofilm formation relative to MRSA252 with DMSO as 100
%. Values are the mean of three independent experiments. Error bars represent SEM.
P-values were calculated using a one-way ANOVA where values were compared to the

DMSO control and ** and *** represent p-values of <0.01 and <0.001, respectively.
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3.2.15 Residue Ry47 of the RPGSV motif is important for SdrC-SdrC interactions

The pentamer amino acid motifs RPGSV and VDQYT have been associated with SdrC
N2 subdomain dimerization (Barbu et al., 2014). This association was identified
through experiments with phage expressing the motifs. As the most potent inhibitors
identified in this study; LH4, LH10 and the B-neurexin derived peptide, are all
predicted to bind at RPGSV this motif was of particular interest here. The RPGSV motif
was predicted in silico to be surface exposed with residue R,4; contributing to a
positively charged pocket. There is a possibility that Rys; may interact with the
negatively charged D,gq residue of the VDQYT motif. Thus, it was of interest to directly
assess if Rys7 has an important role in SdrC homophilic interactions. Site directed
mutagenesis by alanine substitution of Rys; was carried out on the pQE30::sdrC
plasmid and the SdrC R247A variant protein with an N-terminal hexahistidine tag (His-
R247A) was purified. In order to assess SdrC-SdrC interactions in vitro, DNA encoding
the N2 and N3 subdomains of sdrC was cloned into the vector pGEX-KG for purification

of a recombinant SdrC glutathione S-transferase fusion protein (GST-SdrC).

His-R247A protein was initially screened for the ability to form SdrC-SdrC homophilic
interactions by a ligand affinity dot blot (Fig 3.19A) where recombinant His-tagged
native SdrC (His-SdrC) and His-R247A proteins were immobilised onto a membrane
and binding of GST-SdrC to each protein was compared. GST-SdrC bound His-SdrC in a
dose-dependent manner (Fig 3.19A). There was a significant reduction in binding of
GST-SdrC to His-R247A with only a very faint level of binding detected at the highest
concentrations of His-R247A. This indicated that residue Ry47 is involved in SdrC
homophilic interactions. To confirm a similar concentration of each protein was being

immobilised onto the membrane loading controls were carried out (Fig 3.19B).

The importance of residue R,4; in SArC-SdrC interactions was further explored in a
more sensitive manner by an enzyme linked immunosorbent assay (ELISA). Binding of
His-SdrC and His-R247A proteins to immobilised GST-SdrC was compared (Fig 3.19C).
There was a significant reduction in binding of GST-SdrC by His-R247A in comparison
to His-SdrC (Fig 3.19C). These data confirmed that residue R,47 of the RPGSV motif is

important in the formation of SdrC-SdrC interactions.
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FIG 3.19. Residue Ry, is important for SdrC homophilic interactions. A) Binding of
recombinant GST-SdrC to immobilised His-SdrC native and His-R247A proteins.
Recombinant His-SdrC native and His-R247A proteins were immobilised in doubling
dilutions onto a nitrocellulose membrane. GST-SdrC was added to the membranes for
1 h at room temperature with shaking. GST-SdrC binding to the immobilised proteins
was detected with monoclonal mouse anti-GST IgG followed by HRP-conjugated rabbit
anti-mouse IgG. B) Loading controls for His-SdrC and His-R247A proteins. Recombinant
His-SdrC native and His-R247A proteins were immobilised in doubling dilutions onto a
nitrocellulose membrane. The immobilised His-tagged proteins were detected with
monoclonal mouse anti-His IgG followed by HRP-conjugated rabbit anti-mouse IgG.
C) Assessment of His-SdrC and His-R247A binding GST-SdrC by ELISA. Wells of a
microtitre plate were coated with recombinant GST-SdrC (1 uM). Recombinant His-
SdrC and His-R247A proteins (5 uM) were added for 2 h at room temperature. Bound
protein was detected with monoclonal mouse anti-His IgG followed by HRP-
conjugated rabbit anti-mouse IgG. Binding of His-SdrC to GST (1 uM) only coated wells
was included to measure background levels of binding (labelled ‘GST’ on graph).
Values are expressed relative to the Assonm reading for His-SdrC as 1.0. Values are the
mean of three independent experiments. Error bars represent SEM. P-values were
calculated using a one-way ANOVA where all values were compared and *, ** and ***
represent p-values of <0.05, <0.01 and <0.001, respectively.
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3.3 Discussion

S. aureus is a leading cause of biofilm infections on indwelling medical devices
(Speziale et al., 2014). Established biofilms are recalcitrant to conventional antibiotics
and resistant to host immune phagocytosis limiting treatment strategies (Speziale et
al., 2014). Thus, the identification of new targets for treatment and prevention of
biofilm infections and novel agents is of clinical importance. Recent evidence has
shown that surface proteins of S. aureus mediate biofilm accumulation through
homophilic interactions (Speziale et al., 2014). The major aim of this study was to
investigate protein homophilic interactions as a target for anti-biofilm agents.
Disruption of these interactions would prevent the establishment of a mature biofilm.
This chapter focused on the cell wall-anchored protein SdrC which mediates biofilm
accumulation through homophilic interactions of its N2 subdomain (Barbu et al.,
2014). To identify inhibitors of SdrC-SdrC interactions, a rational design approach using

in silico methods was carried out.

In order to screen small molecule libraries in silico, a structure for the target protein is
required. As there is no crystal structure of SdrC, this study generated homology
models of SdrC N2N3 subdomains (Fig 3.3). To increase the reliability of the models,
homology models were generated using two separate programs; I-TASSER (Yang et al.,
2015) and Phyre? (Kelley et al., 2015) using the SdrC N2N3 amino acid sequence as the
input. The models generated by both programs were predominantly based on other
members of the MSCRAMM family of cell wall-anchored proteins with the models
consisting of two IgG-like folded N2 and N3 subdomains separated by a trench (Fig
3.3). These results gave confidence in the models. Crystal structures of the N2N3
subdomains of six members of the MSCRAMM family have been resolved to date and
they all adopt this general structure (Ponnuraj et al., 2003, Stemberk et al., 2014,
Wang et al., 2013, Zhang et al., 2017, Ganesh et al., 2008, Ganesh et al., 2011). Thus, it
is likely that SdrC N2N3 subdomains would adopt the same folds.

More specifically, I-TASSER generated a model based on SdrG, an MSCRAMM in S.
epidermidis, in its ligand bound form (Fig 3.3A) and the top hit in Phyre” was generated

based on CIfA in its apo form (Fig 3.3B). To confirm the high level of structural
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similarity between these two models generated by separate programs, an overlay of
the two models was generated using the molecular structures visualization and
analysis program, Chimera (Pettersen et al., 2004). The root mean square deviation
(RMSD) between the models was found to be 1.038 A highlighting their similarity. The
sequence identity between SdrC and both CIfA and SdrG is relatively low, ~20-30 %
(Foster et al., 2014). However, many sequences with a low identity can have very
similar structures due to the limited number of protein folds found in nature. The
MSCRAMM family are an example of this. MSCRAMMs do not share a high level of
sequence identity within their N2N3 subdomains but their structure is well conserved
(Foster et al., 2014). Furthermore, it is common for Phyre’ to generate accurate

homology models where the sequence identity range is 15-25 % (Kelley et al., 2015).

Two pentamer motifs of amino acid sequence RPGSV and VDQYT of subdomain N2 had
previously been postulated to be the dimerization sites within SdrC based on
recombinant SdrC binding bacteriophage expressing these motifs and the inhibition of
SdrC-SdrC interactions through display of these sequences on bacteriophage (Barbu et
al., 2014). The RPGSV and VDQYT motifs are located in the same regions on all the
SdrC homology models generated based on MSCRAMMs by both programs (Fig 3.3,
Table 3.1). This gave confidence in their predicted location and allowed a rational
screening approach with specified target sites. Two small molecule libraries were

docked in silico at these motifs to screen for putative inhibitors of SdrC.

The in silico screening was followed by in vitro analyses of selected putative inhibitors.
Several small molecules were identified which bound recombinant SdrC (rSdrC; Fig 3.6)
and inhibited SdrC-mediated biofilm in the surrogate host L. lactis (Fig 3.9) with little
or no effect on bacterial growth (Fig 3.10). This indicated success of the screening
approach used here and small molecules LH3, LH4, LH6, LH7 and LH10 were identified
as lead inhibitors. As DSF is a relatively crude technique, the measurement of the
binding affinity of small molecules to SdrC could be measured by Isothermal Titration
Calorimetry or ligand-observed nuclear magnetic resonance (Mashalidis et al., 2013). It
is possible that some small molecules binding rSdrC such as LH3 may have been
overlooked due to inherent drawbacks of using DSF. If binding does not infer a

stabilisation of the protein structure then no melting temperature change will occur.
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The success of the screen gives confidence in the docking sites of the small molecules.
However, to confirm the binding sites of the lead inhibitors, experimental validation
would be required. The binding affinity of the lead inhibitors to rSdrC variant proteins
with single amino acid changes in residues of the RPGSV and VDQYT motifs could be
compared to that of the native protein. X-ray crystallography could also be used to
accurately determine the binding site of small molecules in complex with SdrC through

the resolution of crystal structures of the complexes.

Following the identification of SdrC biofilm inhibitors it was essential to assess if they
could inhibit SdrC biofilm formed by a clinically relevant S. aureus strain. Here, for the
first time, SdrC was found to mediate biofilm accumulation in a clinically relevant
strain of S. aureus. SdrC promoted biofilm formation in the HA-MRSA clinical isolate
MRSA252 (Fig 3.15), a representative of the highly successful and widely disseminated
EMRSA-16 clone (Holden et al., 2004). An MRSA252 sdrC deletion mutant
(MRSA252AsdrC) had a reduced ability to form biofilm (Fig 3.15). MRSA252AsdrC still
formed some biofilm, albeit at a lower level which is likely due to the fact that S.
aureus biofilm is a multifactorial process (Speziale et al., 2014). Furthermore, AFM
experiments showed that adjacent MRSA252 cells adhere through specific SdrC
homophilic interactions (Fig 3.16) supporting a role for SdrC in biofilm accumulation in

this HA-MRSA strain.

Of the SdrC lead inhibitors initially identified, LH4 and LH10 significantly inhibited
biofilm formed by the HA-MRSA strain MRSA252 (Fig 3.18). LH3, LH6 and LH7 did not
reduce biofilm formed by MRSA252 (Fig 3.17). However, they inhibited biofilm
mediated solely by SdrC using the surrogate host L. lactis although complete inhibition
was not observed (Fig 3.9). It is possible that the effect of these inhibitors on SdrC may
be masked in MRSA252 biofilm due to the multifactorial nature of this biofilm.
Another factor may have compensated for the partial inhibition of SdrC inferred by
these small molecules. In contrast, in the L. lactis system the biofilm is solely mediated
by SdrC so partial inhibition is easily measured. It is also likely that considerably more
SdrC protein is expressed on the surface of L. lactis cells than on S. aureus MRSA252
cells in this study. In the L. lactis system sdrC is constitutively expressed on the plasmid

pKS80 whereas in S. aureus sdrC expression is likely to be dependent on the growth
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phase of the bacteria and experimental conditions. For example, cell wall-anchored
SdrC was previously found on the surface of MRSA252 cells during exponential growth
but not on cells in stationary phase (Barbu et al., 2010). Aside from MRSA252 in this
study, in general, sdrC expression is likely to vary among S. aureus strains.
Furthermore, in the L. lactis system the cell wall is largely available for SdrC expression
whereas in S. aureus cells other factors will also be expressed on the cell wall and thus,
there are spatial limitations to the expression levels of SdrC in S. aureus. Thus, the
level of SdrC on the cell wall of S. aureus will be saturated with less protein molecules
than on the L. lactis surface. These differences in SdrC expression were evident in AFM
studies where forces of SdrC-SdrC interactions between L. lactis SArC" cells were
considerably higher than those between MRSA252 cellis (Feuillie et al., 2017). These
forces where indicative of multiple SdrC-SdrC interactions between L. lactis SdrC" cells

but only single SdrC-SdrC interactions between MRSA252 cells.

This study also demonstrated that a peptide derived from human B-neurexin protein
could inhibit SdrC-mediated biofilm (Fig 3.9). B-neurexin protein was previously found
to be a ligand for SdrC but the type of interaction or binding site on SdrC was unknown
(Barbu et al., 2010). It was of interest to predict the binding site of this peptide using in
silico docking to SdrC. The peptide was predicted to dock at a site overlapping the
RPGSV motif associated with SdrC-SdrC interactions (Fig 3.7). This raised the possibility
that the peptide may inhibit SdrC homophilic interactions and biofilm accumulation.
The peptide was found to be a potent inhibitor of SdrC-mediated biofilm abolishing
SdrC biofilm in the surrogate host L. lactis (Fig 3.9) and reducing MRSA252 biofilm to a
similar level of biofilm to MRSA252AsdrC (Fig 3.13). This again demonstrated the
ability to prevent biofilm through targeting and disrupting protein homophilic

interactions.

Two small molecules LH12 and LH13 were found to inhibit the growth of L. /actis and,
in the case of LH12, growth of the HA-MRSA strain BH1CC (data not shown). As this
study was looking for anti-biofilm agents and not antibacterial agents these inhibitors
were not pursued further here. It is worth noting, however, that neither inhibitor
contains any well documented antibacterial chemical structures (McDonnell & Russell,

1999). A recent study by Van Voorhis et al., (2016), also reported S. aureus growth
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inhibition by both small molecules. In the aforementioned study, these small
molecules were also assessed for inhibition of other Gram-positive and Gram-negative
bacteria. They did not observe growth inhibition of Streptococcus pneumoniae,
Streptococcus suis or Gram-negative bacteria Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Salmonella typhimurium and Acinetobacter baumanii.
However, LH13 was found to inhibit several mycobacterial species. The target of these
small molecules is unknown. Perhaps the limited spectrum of bacteria they inhibit may
indicate that the target is specific to S. aureus and L. lactis and is not conserved or
accessible among all Gram-positive bacteria and is not present in Gram-negative

bacteria.

The identification of several inhibitors of SdrC-mediated biofilm through targeting of
the RPGSV and VDQYT motifs in this study further supports these motifs as
dimerization sites of SdrC. In this study, we also directly confirmed that residue Ry47 is
important for SdrC-SdrC interactions (Fig 3.19). However, the type of interaction(s)
occurring between the RPGSV and VDQYT binding sites remains unclear. There are
several possibilities. The equivalent motifs on adjacent proteins could interact, or the
RPGSV of SdrC on one cell may interact with VDQYT of SdrC on another cell or there
could be more than two binding sites. It is worth noting that residue Ry47 of RPGSV is
positively charged and residue D,g9 of VDQYT is negatively charged with each motif
predicted to partially contribute to a charged pocket in silico (Fig 3.4). This allows for a
hypothesis that the sites may interact based on charge. The abolishment of biofilm in
the presence of the B-neurexin derived peptide (Fig 3.9), predicted to bind at the
RPGSV motif, may indirectly suggest that blocking one site is sufficient for reducing
SdrC biofilm. This would support the hypothesis of an interaction between RPGSV and
VDQYT. However, that is based on the assumption that the predicted peptide binding
site is at the RPGSV motif and that the peptide has a single binding site. Overall,
experimental evidence would be required to validate the type of SdrC-SdrC binding
interaction occurring. A crystal structure of the dimer would provide this information.
Biochemical studies altering the charge at either site, from positive to negative and
vice versa, may address whether charge is important in the interaction. However, such

alterations would have a risk of affecting the overall protein structure.
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In conclusion, this study further characterised SdrC-mediated biofilm and identified
novel inhibitors of SdrC biofilm. The lead SdrC inhibitors identified here may serve as
scaffolds for further drug design. As the leads are small molecules, other chemical
moieties may be added to increase their size and potency. A detailed structure-activity
relationships (SARs) analysis followed by in vitro testing would allow a thorough
investigation of the substructures mediating the observed inhibition. This approach
would allow the development of a larger, more potent drug-like molecule. This study
also demonstrated, for the first time, that protein homophilic interactions are an
attractive target for prevention of biofilm formation and the development of anti-

biofilm agents.
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Chapter 4

Characterisation of fibronectin binding protein
interactions in biofilm and identification of anti-biofilm

molecules which target fibronectin binding proteins
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4.1 Introduction

The cell wall-anchored FnBPA and B proteins are likely to be of particular clinical
importance as mediators of protein-dependent biofilm accumulation. FnBPs mediate
biofilm in CC8 and CC22 lineages of hospital associated (HA)- and community
associated (CA)-MRSA strains in vitro (O'Neill et al., 2008, McCourt et al., 2014, Planet
et al., 2013, Mashruwala et al., 2017). FnBP-mediated biofilm may be important in
colonisation of skin (Planet et al., 2013) and in biofilm infections occurring under
fermentative conditions (Mashruwala et al., 2017). Furthermore, FnBPs were also
shown to promote S. aureus infection of a mouse catheter in vivo (Vergara-Irigaray et
al., 2009). Thus, FnBPs represent an attractive target for anti-biofilm therapy but this
approach has yet to be explored. To mediate biofilm FnBPA proteins on neighbouring
bacteria form homophilic interactions through their N2N3 subdomains (Herman-
Bausier et al., 2015). FnBPB homophilic interactions have yet to be demonstrated.
FnBPs are members of the MSCRAMM family of S. aureus cell wall-anchored proteins
(Fig 4.1A) (Foster et al., 2014) and a crystal structure of FnBPA subdomains N2 and N3
has been solved showing the characteristic IgG-like folded N2 and N3 with a
hydrophobic trench separating the subdomains (Fig 4.1B) (Stemberk et al., 2014).
Many S. aureus biofilm-forming strains express both FnBPA and FnBPB (O'Neill et al.,
2008, McCourt et al., 2014). These proteins share only 50 % amino acid identity in
their N2N3 subdomains. Whether FnBPA and FnBPB can interact in a heterophilic

manner has not been explored.
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FIG 4.1 Domain organization of FnBPs. A) Schematic representation of FnBPA and
FnBPB. The N-terminal signal sequence (S) is followed by the A domain which consists
of three subdomains; N1, N2 and N3. This is followed by a long unstructured repeat
region composed of fibronectin binding repeats, a cell wall spanning domain (W) and a
sorting signal (SS). B) Crystal structure of FnBPA N2N3 in its apo form. The structure of
FnBPAN2N3 was obtained from the Protein Data Bank (PDB ID=4B5Z) and visualised on
Chimera. FnBPA N2N3 is shown in ribbon with subdomains N2 and N3 coloured green
and yellow, respectively. C) Crystal structure of the FnBPA-fibrinogen peptide complex.
The structure of the FnBPA-fibrinogen peptide complex was obtained from the Protein
Data Bank (PDB ID=4B60) and visualised on Chimera. FnBPA N2N3 and the fibrinogen
y-chain peptide are shown in ribbon with FnBPA subdomains N2 and N3 coloured

green and yellow, respectively and the peptide coloured orange.
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The N2 and N3 subdomains of FnBPA and FnBPB also mediate S. aureus adherence to
the host proteins fibrinogen (Keane et al., 2007, Wann et al., 2000, Burke et al., 2010),
elastin (Roche et al., 2004, Keane et al., 2007) and plasminogen (Pietrocola et al.,
2016). FnBPB N2N3 subdomains can also bind fibronectin although the mechanism of
binding differs from that of the fibronectin binding repeats (Burke et al., 2011). The
crystal structure of FnBPA in complex with a peptide corresponding to its binding site
on fibrinogen; the y-chain, has been solved (Stemberk et al., 2014) (Fig 4.1C). In the
structure, the peptide is docked in the ligand binding trench between the N2 and N3
subdomains and is locked in place by interactions between FnBPA N2 and N3
subdomains (Stemberk et al., 2014). Notably, indwelling devices can become coated
with host plasma proteins including fibrinogen. Under these circumstances S. aureus
adherence to fibrinogen can promote primary attachment of bacteria to the device
(Speziale et al., 2014, Otto, 2008). This attachment to a biotic surface is an initial step
in biofilm formation. Binding of fibrinogen and fibrin by the cell-wall anchored proteins
FnBPA, FnBPB, CIfA and CIfB also promotes fibrin-dependent biofilms which are
associated with infections of indwelling catheters (Vanassche et al., 2013, Zapotoczna

et al., 2015) and joints (Dastgheyb et al., 2015).

Although FnBPA and FnBPB ligand binding and FnBPA-mediated biofilm accumulation
have been localised to subdomains N2 and N3, FnBPA-mediated adherence to
fibrinogen and biofilm formation occur through distinct mechanisms (Geoghegan et
al., 2013, O'Neill et al., 2008). Several residues of FNBPA, including residue N304, are
critical to fibrinogen binding (Keane et al.,, 2007). Alanine substitution of N304
abolished the ability of FNBPA to bind fibrinogen (Keane et al., 2007) but did not
reduce the ability of FnBPA to mediate biofilm (O'Neill et al., 2008). Deletion of the
lock and latch region of FnBPA was also shown to abolish the ability of bacteria
expressing FNBPA to adhere to fibrinogen but had no effect on its ability to mediate
biofilm (Geoghegan et al., 2013). Furthermore, addition of the fibrinogen y-chain
peptide which inhibits the ability of FnBPA to bind fibrinogen (Keane et al., 2007) did
not inhibit FNnBPA-mediated biofilm and chelation of zinc, which inhibits FnBP-
mediated biofilm, had no effect on fibrinogen binding by FNnBPA (Geoghegan et al.,
2013).
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Interestingly, the N2 and N3 subdomains of both FnBPA and FnBPB vary considerably
in their amino acid sequence, with seven isotypes of each protein identified to date
(Loughman et al., 2008, Burke et al., 2010). Despite this amino acid variation, all
isotypes of FNBPA and FnBPB have been shown to bind their ligands fibrinogen and
elastin with similar affinity (Loughman et al., 2008, Burke et al., 2010). All isotypes of
FnBPB have also been shown to bind plasminogen with similar affinity but only isotype
| of FnBPA binding plasminogen has been assessed to date (Pietrocola et al., 2016). In
contrast, only the ability of isotypes | of FnBPA and FnBPB to promote biofilm

formation has been assessed (O'Neill et al., 2008).

This study aimed to further our understanding of the mechanisms of FnBP-mediated

biofilm accumulation and to evaluate FnBPs as a novel target for anti-biofilm

inhibitors.
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4.2 Results
4.2.1 FnBPA homophilic interactions are mediated by subdomain N2.

FnBPA mediates biofilm accumulation through homophilic interactions which have
been localised to subdomains N2N3 but subdomain N1 and the fibronectin binding
repeats are not involved (Geoghegan et al., 2013). This study set out to further localise
the region(s) of FnBPA involved in mediating FnBPA-FnBPA interactions and biofilm
accumulation. An ELISA was established to study these FnBPA interactions in vitro (Fig
4.2). Binding of recombinant FNnBPAy,n3 protein with an N-terminal hexahistidine tag
(His-FnBPAn2n3) to recombinant GST-tagged FnBPAyons protein (GST-FnBPApan3) and
GST alone was initially assessed (Fig 4.2). His-FnBPAy,ns bound GST-FnBPAy,ns3 in a
dose-dependent manner. His-FnBPAnans did not bind GST indicating that the

interaction observed between the FnBPAn,ns3 proteins was specific.

In order to localise the sites involved in FNBPA homophilic interactions, the N2 and N3
subdomains were expressed individually with N-terminal hexahistidine tags (His-
FnBPAy; and His-FnBPAy3). The ability of single subdomains to bind to recombinant
GST-FnBPAn,n3 Was compared to His-FnBPAy,ns (Fig 4.3A). Subdomain N2 bound GST-
FnBPAn2ns in @ dose-dependent manner with similar levels of binding to His-FNnBPAn,s.
His-FnBPAps did not bind GST-FnBPAy,ns at any of the concentrations tested. These
data indicate that the N2 subdomain of FnBPA and not the N3 subdomain is important
in FNBPA homophilic interactions. To investigate if subdomain N2 binds to N2, His-
FnBPAy; and His-FnBPA,n3 binding to GST-FnBPAy, was assessed (Fig 4.3B). Both His-
FnBPAy; and His-FnBPAy,n3 bound to GST-FnBPAy, in a dose-dependent manner and
with a similar binding profile. These data indicate that only the N2 subdomain is

required for the formation of FnBPA-FnBPA homophilic interactions, in vitro.
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FIG 4.2 ELISA to assess FNnBPA-FnBPA interactions in vitro. Microtitre wells were
coated with GST-FnBPAy,ns or GST (1 uM) and increasing concentrations of His-
FnBPAyn3 Were added for 2 h at 37 °C. Bound protein was detected with monoclonal
mouse anti-His IgG followed by HRP-conjugated rabbit anti-mouse IgG. Values are the
mean of 7 independent assays. Error bars represent standard error of the mean (SEM).
Binding of His-FNnBPAy,n3 to GST was significantly reduced compared to His-FnBPAw,ns3
binding to GST-FNnBPAn2n3 (**, P <0.01).
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FIG 4.3 FnBPA homophilic interactions are mediated by subdomain N2. Microtitre
wells were coated with GST-FNnBPAnan3 (1 uM; A) or GST-FnBPAy, (6 uM; B) and
increasing concentrations of FNBPA subdomain proteins His-FnBPAnons, His-FNBPA;
and His-FnBPAys were added for 2 h at 37 °C. Bound protein was detected with
monoclonal mouse anti-His IgG followed by HRP-conjugated rabbit anti-mouse IgG.
Values are expressed relative to the Assonm reading measured for the highest
concentration of His-FnBPA,n3 (2.5 pM =1.0). Values are the mean of 4-5 independent
assays (A) or 3 independent assays (B). Error bars represent SEM. P-values were
calculated using a two-way ANOVA with Bonferroni post-test where *, ** and ***
represent p-values of <0.05, <0.01 and <0.001 (A) and an unpaired Student’s t-test (B).
There was no significant difference between the values measured for His-FnBPAyns
and His-FnBPAy; binding to GST-FnBPAy,n3 or GST-FnBPAy;. Binding of His-FNnBPAys to
GST-FnBPAy,n3 Wwas significantly reduced compared to His-FnBPAy,ns at  all
concentrations tested except 0.156 pM.
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4.2.2 Sequence variation in subdomain N2 does not affect the ability of FnBPA to

promote biofilm formation.

There is considerable amino acid sequence variation in the FnBPA N2 subdomain and
seven different sequence variants (isotypes) of FnBPA have been identified which
share only 75-84% amino acid identity in their N2 subdomains (Loughman et al., 2008).
Only isotype | of FnBPA has been shown to promote biofilm formation in S. aureus
(Geoghegan et al., 2013, O'Neill et al., 2008). Amino acid sequence variation in the
FnBPA N2 subdomain could affect the ability of the protein to participate in

homophilic interactions and mediate biofilm formation.

To investigate if sequence variants of FnBPA could mediate biofilm formation, the
multicopy plasmid pFnBA4 (Greene et al., 1995) was used. This plasmid carries the
entire fnbA gene from S. aureus strain 8325-4 (isotype | FnBPA) under the control of its
own promotor. A series of chimeric plasmids were constructed where DNA encoding
the N1IN2N3 subdomains of isotype | was replaced with DNA encoding NIN2N3 of
FnBPA isotypes lll, IV, V or VI. Attempts to generate chimeric plasmids with DNA
encoding the subdomains NIN2N3 of FnBPA isotypes Il and VIl were not successful.
While only the N2 subdomain is essential for homophilic FnBPA-FnBPA interactions in
vitro (Fig 4.3), we included the flanking N1 and N3 subdomains to ensure proper
folding and secretion of the chimeric FnBPA proteins. The chimeric plasmids were
transformed into the biofilm forming HA-MRSA strain BH1CC. A double fnbA fnbB
mutant of BH1CC (BH1CCAfnbAfnbB) does not form biofilm (Geoghegan et al., 2013,
O'Neill et al., 2008). Biofilm formation can be restored by complementation of the
mutant with pFnBA4 restoring expression of FnBPA isotype | (O'Neill et al., 2008,
Geoghegan et al., 2013). To confirm that FnBPA was being expressed from each
chimeric plasmid, bacterial adherence to fibronectin was assessed (Fig 4.4A). All
strains showed a similar ability to adhere to fibronectin while the mutant did not
adhere indicating that an FnBPA protein was expressed on the surface of S. aureus
from each chimeric plasmid. The ability of the chimeric FnBPA proteins to promote
biofilm formation in vitro was assessed (Fig 4.4B). All strains were capable of forming
biofilm albeit different levels of biofilm were formed by strains expressing different

chimeric plasmids. Thus, these data show that FnBPA proteins with isotype |, lll, IV, V
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FIG 4.4. Assessment of the ability of BH1ICCAfnbAfnbB (pFnBA4) isotype |, Ill, IV, V
and VI strains to adhere to fibronectin and mediate biofilm accumulation. A) Strains
were grown in TSB, supplemented with chloramphenicol (10 pg/ml) where necessary,
to exponential phase and added to fibronectin (Fn) coated wells for 2 h at 37 °C.
Adherent bacteria were stained with crystal violet and As7o,m values were measured.
As7onm Values are expressed relative to BH1CCAfnbAfnbB pFnBA4 (isotype |) binding Fn
(5 pg/ml value=1.0). Values are the mean of at least 3 independent experiments. Error
bars represent SEM. There were no significant differences between any of the five
plasmid bearing strains adhering to Fn. B) Overnight cultures were diluted (1:200) in
BHI supplemented with D-glucose (10 g/L) and added to tissue-culture treated
microtiter plates. Biofilm was allowed to develop for 24 h statically at 37 °C. Biofilm
was stained with crystal violet and As;o,m values measured. As;onm Values are
expressed relative to BH1CCAfnbAfnbB pFnBA4 (isotype I) as 1.0. All values are the
mean of at least three independent experiments. Error bars represent SEM. P-values
were calculated using a one-way ANOVA where ** and *** represent p-values <0.01
and <0.001, respectively.
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and VI NIN2N3 subdomain sequences can mediate biofilm formation. This result
indicates that the ability to form biofilm is a conserved function across the five FnBPA
isotypes tested here and suggests that the residues involved in homophilic interactions

in subdomain N2 are conserved despite FnBPA sequence variation.
4.2.3 Recombinant FnBPA and FnBPB can form heterophilic interactions in vitro.

FNnBPA-FnBPA and FnBPB-FnBPB homophilic interactions have been implicated in
biofilm formation (O'Neill et al., 2008, Geoghegan et al., 2013, Herman-Bausier et al.,
2015). However, whether FnBPA isotype | and FnBPB isotype | can interact has not
been assessed. Here we examined if His-FnBPByan3 protein could bind GST-FnBPAy;ns3
in vitro. His-FnBPByyn3 bound GST-FnBPAn,nz in @ dose-dependent manner with a
similar binding profile to His-FnBPAy,ns (Fig 4.5A). This result indicates that
recombinant polypeptides of FNnBPA and FnBPB N2N3 subdomains can form a
heterophilic interaction. Next the ability of His-FnBPBy, to bind GST-FnBPAw,ns (Fig
4.5B) and GST-FnBPAy; (Fig 4.5C) was tested. His-FnBPBy, bound GST-FnBPAy,n3 and
GST-FnBPAy; in a dose-dependent manner with similar levels of binding to His-
FnBPAn,. These data indicate that FnBPA N2 and FnBPB N2 subdomains can form a
heterophilic interaction in vitro even though they share a low level of amino acid

identity (45%).
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FIG 4.5 Recombinant FnBPA and FnBPB form heterophilic interactions in vitro.
Microtitre wells were coated with GST-FnBPAnns (1 uM; A, B) or GST-FnBPAy; (6 uM;
C) and increasing concentrations of His-FnBPByyns and His-FnBPAnans (A) or His-
FnBPBy,; and His-FnBPAy, (B, C) were added for 2 h at 37 °C. Bound protein was
detected with monoclonal mouse anti-His IgG followed by HRP-conjugated rabbit anti-
mouse IgG. Values are the mean of 3 (A) and 4 (B, C) independent assays. Error bars
represent SEM. P-values were calculated using an unpaired Student’s t-test. There was
no significant difference (p>0.05) between the values measured for His-FnBPBy,n3 and
His-FnBPAn2n3 binding to GST-FnBPAy,ns (A) or between the values measured for His-
FnBPBy, and His-FnBPA; binding GST-FNnBPAy,n3 (B) and GST-FnBPAy; (C). Values are
expressed relative to the Assonm reading measured for the highest concentration of His-

FRBPAyns (A) or His-FnBPAy; (B, C) (2.5 uM = 1.0).
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4.2.4 Localisation of FnBPA dimerization sites in subdomain N2

This study showed that FnBPA forms homophilic interactions through its N2
subdomain (Fig 4.3) and that the ability to form biofilm was conserved among five
FnBPA isotypes tested here (Fig 4.4). FnBPA and FnBPB were also found to form
heterophilic N2-N2 interactions (Fig 4.5). The FnBPA isotypes tested here share 75-84
% N2 amino acid identity while FnBPA and FnBPB share only 45 % amino acid identity
in their N2 subdomains. These data suggest that the sites involved in FnBPA
homophilic interactions are likely to be conserved among FnBPA isotypes |, IlI, IV, V

and VI and FnBPB.

To identify these conserved residues the amino acid sequences of FnBPA N2
subdomains of isotypes |, I, IV, V and VI (residues 194-336) and the N2 subdomain of
FnBPB isotype | (residues 163-307) were aligned (Fig 4.6A). These alignments allowed
the identification of six regions with a high level of amino acid conservation among the
N2 subdomains of FnBPA isotypes |, lll, IV, V and VI and FnBPB (Fig 4.6A). The location
of the six regions on FNBPA was assessed in silico using the molecular visualization
software Chimera version 1.9 and the crystal structure of FnBPA N2N3 (Pettersen et
al., 2004, Stemberk et al., 2014) (Fig 4.6B). From these in silico analyses, three regions;
termed site 1, site 4 and site 6, were selected for further study as they were highly
conserved across all six sequences and are surface exposed sites which could
participate in N2-N2 homophilic interactions (Fig 4.6B). Site 4 was of particular interest
as it contains the equivalent region to one of the dimerization sites of the MSCRAMM
SdrC which also mediates biofilm through N2-N2 interactions (Barbu et al., 2014). The
amino acid sequence ‘NTHGV’ of FnBPA is at the equivalent position to the ‘RPGSV’
motif of SdrC (Section 3.1).
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FIG 4.6 In silico analyses of conserved amino acids in FnBPA and FnBPB N2. A) Amino
acid alignment of the N2 subdomains of FnBPA isotypes (iso) I, lll, IV, V and VI and
FnBPB isotype |. Amino acid sequences of N2 of FnBPA isotypes I, Ill, IV, V and VI
(residues 194-336) and N2 of FnBPB isotype | (residues 163-307) were aligned using
Clustal Omega (Sievers et al., 2011). Conserved residues are highlighted in yellow. Six
regions, numbered 1-6, which contain a high level of amino acid conservation were
identified. B) The locations of these six regions were visualized on the crystal structure
of FNBPAN2N3 (PDB ID=4B5Z) using Chimera version 1.9. FnBPAN2N3 is shown in

space filled and each of the six regions coloured separately and labelled 1-6.
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Amino acid substitutions were carried out to determine if residues at sites 1, 4 or 6 are
important for FnBPA N2 homophilic interactions. DNA encoding sites 1, 4 and 6 of
FnBPA N2 was replaced with DNA encoding the equivalent sequence of the N2
subdomain of clumping factor A (CIfA) (Fig 4.7A) on the plasmid pQE30::fnbAnans
resulting in four, six and five residue substitutions, respectively. CIfA was selected as it
is also a member of the MSCRAMM family of S. aureus surface proteins and the N2N3
subdomains adopt similar folds (Section 1.4.1). CIfA binds the same site on fibrinogen
(Fg) as FnBPs; the y-chain (Ganesh et al., 2008, Deivanayagam et al., 2002). However, it
does not mediate biofilm accumulation and recombinant CIfA N2N3 protein does not
migrate as a dimer when separated by gel electrophoresis on native gels (Burke FM
and Geoghegan JA, unpublished). Thus, residues involved in FnBPA homophilic
interactions are unlikely to be conserved in CIfA N2 and replacing the FnBPA motifs

with CIfA sequence should retain the N2 and N3 folds.

The FnBPA variant proteins site 1 (His-FnBPAs;te1), site 4 (His-FnBPAsites) and site 6 (His-
FnBPAs;tes) With N-terminal hexahistidine tags were purified and their ability to bind
GST-tagged FnBPAp,ns (Fig 4.7C-E) compared to native His-FnBPAy,ns. Alteration of
FnBPA N2 sequence to CIfA sequence should not affect Fg binding. Thus, the structural
integrity and functionality of the variant proteins was assessed by testing their ability
to bind human Fg in vitro (Fig 4.7B). His-FNnBPAs;e1 and His-FnBPAs;ies retained their
ability to bind Fg at a similar level as His-FnBPAy,ns (Fig 4.7B). These data indicate that
both variant proteins are correctly folded and functional. His-FNnBPAgi.1 and His-
FnBPAsiies bound GST-FnBPAy,n3 in @ dose-dependent manner with a similar binding
profile as His-FnBPAy,ns (Fig 4.7C,E). These results suggest that the residues altered in
these variant proteins are not involved in FnBPA homophilic interactions. His-
FnBPAsies had a reduced ability to bind Fg in comparison to His-FnBPAn,ns (Fig 4.7B).
This may indicate that His-FnBPAs;es is not correctly folded or that the Fg binding site
has been disrupted. However, His-FnBPAsies bound GST-FnBPAyns in @ dose-
dependent manner with a similar binding profile to His-FnBPAnans (Fig 4.7D). In
conclusion, the dimerization sites of FnBPA were not identified when the FnBPA
sequence of sites 1 and 6 were replaced with CIfA sequence and it remains unclear if

residues at site 4 are important in  FnBPA-FnBPA interactions.
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FIG 4.7. Assessment of FnBPA variants for the ability to form FnBPA-FnBPA
interactions. A) Amino acid alignment of the N2 subdomains of FnBPA and CIfA. The
amino acid sequences of N2 of FnBPA isotype | (residues 196-307) and N2 of CIfA
(residues 221-368) were aligned using Clustal Omega (Sievers et al., 2011). Residues of
sites 1, 4 and 6 which are well conserved among FnBPA isotypes |, Ill, IV, V and VI and
FnBPB are highlighted. B-E) Binding of recombinant FNBPA proteins to immobilised
human Fg and GST-FnBPAy,n3 protein. Microtitre wells were coated with Fg (10 pug/ml;
Calbiochem; B) or GST-FnBPA,n3 (1 uM; C-E) and increasing concentrations of FnBPA
proteins His-FNBPAy,n3, His-FNBPAGs;ite1, His-FNBPAs;tes and His-FNnBPAg;;.s Were added for
2 h at 37 °C. Bound protein was detected with monoclonal mouse anti-His 1gG
followed by HRP-conjugated rabbit anti-mouse 1gG. Values are expressed relative to
the Assonm reading measured for the highest concentration of His-FnBPAy,n3 binding Fg
(B) or GST-FnBPAN,n3 (C-E, 2.5 uM = 1.0). Values are the mean of 3 independent assays
for ELISAs with His-FnBPAs;te1 and His-FNnBPAs;tes and 2 independent assays for ELISAs
with His-FnBPAsies. Error bars represent SEM. P-values were calculated using an
unpaired Student’s t-test (C, D). There was no significant difference (p>0.05) between
the values measured for His-FNBPAyyn3, His-FnBPAgie; and His-FnBPAsiteq binding to
GST-FnBPAN2ns.
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4.2.5 Recombinant FnBPB forms homophilic interactions in vitro and both

subdomains N2 and N3 participate

FnBPB, like FNBPA, mediates biofilm accumulation in S. aureus (O'Neill et al., 2008,
McCourt et al., 2014, Vergara-Irigaray et al., 2009). However, whether the N2N3
subdomains of FnBPB mediate biofilm through homophilic interactions like FnBPA has
not been tested. As recombinant FnBPB and FnBPA form heterophilic interactions in
vitro (Fig 4.5), it was of interest to assess if recombinant FnBPB N2N3 proteins form

homophilic interactions in vitro and if the N2 and/or N3 subdomains are involved.

The ability of a recombinant FnBPB polypeptide incorporating the N2 and N3
subdomains (His-FnBPBnan3) to bind recombinant GST-FnBPBy,n3 protein was assessed
(Fig 4.8). His-FnBPBy2n3 bound GST-FnBPByan3 in @ dose-dependent manner (Fig 4.8)
indicating that FnBPB N2N3 proteins form homophilic interactions in vitro. In order to
study the individual subdomains of FnBPB, the N2 and N3 subdomains were expressed
individually with N-terminal hexahistidine tags (His-FnBPBy, and His-FnBPBys). The
ability of single subdomains to bind to recombinant GST-FnBPBn,n3 protein was
compared to His-FnBPBnans (Fig 4.8). Both single subdomains N2 and N3 of FnBPB
bound GST-FnBPByons in a dose-dependent manner. However, at the highest
concentration tested in this assay (2.5 uM) both His-FnBPBy, and His-FnBPBys had a
significantly lower level of binding to GST-FnBPBy,n3 in comparison to His-FnBPByans
(Fig 4.8). These data indicate that FnBPB forms homophilic interactions and that FnBPB
N2 and N3 subdomains are involved. This differs from data obtained for FnBPA where
only the N2 subdomain of FNnBPA was capable of binding GST-FnBPAnan3 in vitro (Fig
4.3). Further analyses would be required to assess if FnBPB homophilic interactions

consist of N2-N2 along with N3-N3 interactions or N2-N3 interactions.
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FIG 4.8. FnBPB homophilic interactions are mediated by subdomains N2 and N3.
Binding of recombinant FNBPB subdomain proteins to immobilised GST-FnBPByon3
fusion protein. Microtitre wells were coated with GST-FNnBPBy,n3 (1 tM) and increasing
concentrations of FnBPB subdomain proteins His-FnBPBy,n3, His-FNBPBy, and His-
FnBPBy3 were added for 2 h at 37 °C. Bound protein was detected with monoclonal
mouse anti-His IgG followed by HRP-conjugated rabbit anti-mouse IgG. Binding of His-
FnBPBnan3 to GST (1 uM) only coated wells was included to detect background levels of
binding. Absorbance values were measured at 450 nm. Values are the mean of 4-5
independent assays. Error bars represent SEM. P-values were calculated using a two-
way ANOVA with Bonferroni post-test where * and *** represent a p-value of <0.05

and £0.001 and at all other points differences were not significant (p-value >0.05).
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4.2.6 Identification of putative small molecule inhibitors of FnBP-mediated biofilm

using in silico approaches

FnBPs have previously been shown to mediate biofilm formation in clinically relevant
lineages of MRSA; CC8 and CC22 (O'Neill et al., 2008, McCourt et al., 2014, Planet et
al., 2013, Mashruwala et al., 2017). A role for FnBPs in vivo in a mouse catheter model
has also been established (Vergara-Irigaray et al., 2009). Thus, FnBPs and their
homophilic interactions in biofilm are of clinical importance and represent an
attractive target for biofilm prevention although this has not been explored previously.
This study set out to identify non-antibiotic small molecule inhibitors of FnBP

homophilic interactions in order to prevent biofilm formation.

Small molecules LH1-5 (Table 3.2) were docked onto the crystal structure of FnBPA
N2N3 subdomains (PDB ID = 4B5Z) (Stemberk et al., 2014) using Autodock vina (Trott
& Olson, 2010). LH1-5 were further assessed as putative FnBP biofilm inhibitors as
they all dock at overlapping sites at amino acid residues equivalent to the ‘RPGSV’
motif of SdrC; residues ‘NTHGV’ (Fig 4.9). Their docking sites lie in one of the regions
previously described in this study, termed site 4, which is well conserved among FnBPA
isotypes |, lll, IV, V and VI and FnBPB (Fig 4.6). Furthermore, LH1-5 are predicted to
form the majority, if not all, of their contacts to the N2 subdomain of FnBPA; the
subdomain involved in FnBPA homophilic interactions. Many of these predicted
contacts are to residues G,ss and V,s¢ which are the equivalent residues to amino acids

S50 and Vs of the ‘RPGSV’ motif of SdrC.
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FIG 4.9. Predicted docking sites of small molecules on FnBPA. Small molecules from
the Zinc library were docked onto the crystal structure of FnBPA (PDB ID=4B5Z) using
Autodock vina (Trott & Olson, 2010). Small molecule docking sites were visualized
using Chimera version 1.9 (Pettersen et al., 2004). Small molecules LH1-5 docked at
overlapping sites at the equivalent residues to ‘RPGSV’ of SdrC; ‘NTHGV’ in FnBPA.
FnBPA is shown in space filled (A, B) and in ribbon format (C). Residues ‘NTHGV' are
coloured magenta. LH1, LH2, LH3, LH4 and LH5 are shown space filled coloured yellow,

blue, green, orange and red, respectively (B, C).
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4.2.7 Assessment of small molecules for inhibition of FnBP-mediated biofilm of HA-

MRSA strains

LH1-5 were assessed for their ability to inhibit FnBP-mediated biofilm in vitro formed
by two HA-MRSA clinical isolates from distinct genetic backgrounds; BH1CC and DAR70
(Fig 4.10). BH1CC is a CC8, HA-MRSA strain which is well characterised for forming a
robust FnBP-dependent biofilm in vitro which is mediated by both FnBPA and FnBPB
(O'Neill et al., 2008, Geoghegan et al., 2013). DAR70 is a CC45, HA-MRSA strain
recently shown to form an FnBP-dependent biofilm in vitro (Zapotoczna M and
Geoghegan JA, unpublished). An fnbAfnbB deletion mutant of DAR70 forms a reduced
level of biofilm in comparison to its parental strain (Fig 4.10B). Small molecules LH1,
LH2, LH3 and LHS significantly reduced biofilm formed by BH1CC (Fig 4.10A) although
full inhibition was not observed. LH4 did not significantly inhibit BH1CC biofilm (Fig
4.10A). A similar trend of reduced biofilm was observed for DAR70 with small
molecules LH1, LH2, LH3 and LH5 although only inhibition with LH3 was statistically
significant (Fig 4.10B). LH4 did not reduce biofilm formed by this strain (Fig 4.10B).
These results indicate that small molecules LH1, LH2, LH3 and LH5 but not LH4 inhibit

FnBP-mediated biofilm in vitro.

As this study aimed to identify anti-biofilm agents targeting FnBPs and not antibiotics,
LH1-5 were assessed for inhibition of S. aureus growth (Fig 4.11). Small molecules LH1,
LH2, LH3 and LH5 did not affect growth of S. aureus strain BH1CC in vitro (Fig 4.11,
Table 4.1). LH4 reduced the doubling time of BH1CC in vitro (Table 4.1). However, LH4
did not inhibit BH1CC biofilm formation and thus, the reduction in doubling time of
BH1CC in the presence of LH4 does not affect the ability of BH1CC to form biofilm.
These results show that the reduction in biofilm caused by small molecules LH1, LH2,
LH3 and LHS is not due to reduced bacterial growth and that biofilm formation is

inhibited.
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FIG 4.10. Inhibition of FnBP-dependent biofilm by small molecules. S. aureus strains
BH1CC and BH1CCAfnbAfnbB (A) and DAR70 and DAR70AfnbAfnbB (B) were allowed to
form biofilm at 37 °C for 24 h in the presence of small molecules LH1, LH2, LH3, LH4
and LH5 (100 uM) or the equivalent concentration of DMSO (1 % v/v). Biofilms were
stained with crystal violet and absorbance values measured at 570 nm. Values are
expressed as % biofilm formation relative to BH1CC (A) or DAR70 (B) with DMSO as
100 %. Results shown are the mean of at least 3 independent experiments. Error bars
represent SEM. P-values were calculated using a one-way ANOVA where values were
compared to the DMSO control and *, ** and *** represent p-values of <0.05, <0.01

and <0.001, respectively. P-values >0.05 are considered not significant (ns).
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FIG 4.11. FnBP biofilm inhibitors have no effect on S. aureus growth. Overnight
cultures of BH1CC were diluted 1/200 in BHI supplemented with D-glucose (10 g/L).
Small molecules LH1, LH2, LH3, LH4 and LH5 (100 pM) or DMSO (1 % v/v) were added
to the diluted bacteria. Diluted bacteria (200 pl) were added to round-bottomed wells
of sterile microtitre plates. Plates were incubated with shaking at 37 °C for 16 h.
ODgoonm Values were measured at 30 min intervals. Each curve is representative of 3

independent experiments with different cultures of bacteria.

Table 4.1. Doubling times of BH1CC with DMSO or small molecules LH1-5

DMSO/Small molecule Doubling Time (min)° SEM (min)b
DMSO 49.2 +11.8
LH1 42.7 £136
LH2 43.5 +13.0
LH3 59.7 2z L1172
LH4 91.9 +9.8
LH5 46.0 +14.2

“Doubling times are the average of the doubling times obtained from three
independent growth curves.

®SEM = Standard error of the mean
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4.2.8 Assessment of small molecules for inhibition of recombinant FnBPA-FnBPA

interactions in vitro

To determine if biofilm inhibition (Fig 4.10) was due to prevention of FnBPA
homophilic interactions, small molecules LH1-5 were assessed for their ability to
prevent recombinant FnBPAn,n3-FNBPANon3 protein interactions in vitro (Fig 4.12). LH1,
LH3 and LH5 significantly reduced His-FnBPAy,n3 binding to GST-FnBPAw,n3 (Fig 4.12).
LH2 and LH4 did not significantly reduce His-FnBPAy,n3 binding to GST-FnBPAy,ns (Fig
4.12). These data indicate that LH1, LH3 and LH5 inhibit recombinant FnBPAy;na-
FnBPAy,n3 interactions in vitro. Since LH2 inhibited FnBP-mediated biofilm (Fig 4.10)
but did not inhibit recombinant FnBPAy,n3-FNBPAw,ns interactions in vitro it is possible

LH2 is inhibiting FnBPB-FNBPB or FNBPA-FNBPB interactions.
4.2.9 FnBP biofilm inhibitors do not inhibit FnBP-mediated adherence to fibrinogen

FnBPA and FnBPB mediate S. aureus adherence to human fibrinogen (Fg) and biofilm
accumulation through their N2 and N3 subdomains although the mechanisms
underlying FnBPA-mediated biofilm accumulation and FnBPA Fg binding are distinct
(Section 4.1) (Geoghegan et al., 2013). Thus, it was of interest to assess if the small
molecule FnBP biofilm inhibitors identified in this study have an effect on FnBP-

mediated adherence to fibrinogen.

There is a high level of functional redundancy among S. aureus cell wall-anchored
proteins with MSCRAMMSs CIfA and CIfB also promoting S. aureus adherence to Fg
(Xiang et al., 2012, Ganesh et al., 2008). In order to specifically assess inhibition of
FnBP-mediated adherence to Fg without interference from CIfA and CIfB, a mutant of
the S. aureus lab strain SH1000 was used (SH1000 c/fA clfB). Small molecules LH1-5
were assessed for the ability to inhibit SH1000 c/fA clfB adhering to human Fg in vitro
(Fig 4.13). An SH1000 strain deficient for all four proteins; CIfA, CIfB, FnBPA and FnBPB,
was included as a negative control. This strain did not adhere to human fibrinogen
confirming that the adherence observed for SH1000 clfA clfB is solely mediated by
FnBPA and FnBPB (Fig 4.13). Small molecules LH1-5 did not inhibit SH1000 cl/fA clfB
adherence to fibrinogen (Fig 4.13). These data suggest specificity of small molecules

LH1, LH2, LH3 and LHS5 as inhibitors of FnBP-mediated biofilm formation. These data
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FIG 4.12. Small molecules inhibit recombinant FnBPA-FnBPA interactions in vitro.
Microtitre wells were coated with GST-FnBPAyans (1 uM). Small molecules LH1, LH2,
LH3, LH4 and LH5 (1.25 uM) or the equivalent concentration of DMSO (0.125 % v/v)
were added to recombinant His-FNnBPAy,n3 (0.25 M) and incubated at 37 °C, 200 rpm
for 30 min. The His-FnBPAu,n3 small molecule or DMSO mixtures were subsequently
added (100 pl) in triplicate to the GST-FnBPAy;,n3 coated wells at 37 °C for 1 h 30 min.
Control wells were coated with GST (1 uM) only and His-FnBPAy,n3 with DMSO added
to control for background binding to GST. Bound protein was detected with
monoclonal mouse anti-His IgG followed by HRP-conjugated rabbit anti-mouse IgG.
Values are expressed as a percentage of the values for His-FnBPAy,ns with DMSO
binding GST-FnBPAn,n3. Values are the mean of 4-5 independent experiments. Error
bars represent SEM. P-values were calculated using a one-way ANOVA where values
were compared to the DMSO control and * and ** represent p-values of <0.05 and

<0.01, respectively. P-values >0.05 are considered not significant (ns).
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FIG 4.13. FnBP biofilm inhibitors do not inhibit FnBP-mediated adherence to
fibrinogen. S. aureus strains SH1000 cl/fA clfB and SH1000 clfA clfB fnbA fnbB were
grown to exponential phase in TSB and adjusted to an ODggonm=1.0. Small molecules
LH1, LH2, LH3, LH4 and LH5 (100 uM) or DMSO (1 % v/v) were added to the bacterial
suspension and incubated at 37 °C, 200 rpm for 30 min. Bacteria mixed with small
molecules or DMSO (200 pl) were subsequently added to Fg coated wells and
incubated at 37 °C for 2 h. Adherent bacteria were stained with crystal violet and the
absorbance was read at 570 nm. Values are expressed as percentage of the Aszonm
values measured for SH1000 clfA clfB with DMSO. Values are the mean of 3-4
independent experiments. Error bars represent SEM. P-values were calculated using a
one-way ANOVA where *** represents a p-value of <0.001 and p-values >0.05 are

considered not significant (ns).
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suggest the binding site of these small molecules likely blocks one or more sites

important for FnBP homophilic interactions but not Fg adherence.

4.2.10 Assessment of the ability of FnBP biofilm inhibitors to bind recombinant

FnBPAp;,n3 protein by Differential Scanning Fluorimetry

FnBP biofilm inhibitors LH1, LH2, LH3 and LH5 were assessed for their ability to bind
recombinant His-FnBPA,n3 protein by differential scanning fluorimetry (DSF). None of
the small molecules significantly increased the melting temperature of recombinant
FnBPAy N3 (Table 4.2). These results may indicate one of two things; that the small
molecules do not bind to FnBPAn,ns under the conditions tested or that binding of
these small molecules to FnBPAw,n3 cannot be detected in this assay as the binding
does not stabilise the FnBPAn,n3 protein structure. It is worth noting that the small
molecules tested here are lead inhibitors and only 250-350 Daltons in size and may be
binding to a site, for example on the protein surface, that would not infer an increased

stability to the protein structure.
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TABLE 4.2. AT,,, of recombinant FnBPAy;,ns in the presence of small molecule FnBP biofilm

inhibitors
Small molecule ATa(C)? SEM (°C)°
LH1 0.25 0.1
LH2 0.23 0.01
LH3 -0.14 0.29
LH5 017 0.11

“Values are the mean of three independent experiments.

SEM = Standard error of the mean

149



4.2.11 Identification of inhibitors of FnBP-mediated adherence to fibrinogen

Small molecules LH6, LH7 and LH10 of the ‘Malaria Box’ were also tested for inhibition
of FnBP-mediated adherence of S. aureus to fibrinogen (Fg). These small molecules
were assessed due to their docking poses on SdrC (Chapter 1). LH6, LH7 and LH10
were predicted to dock in the trench between subdomains N2 and N3 of SdrC blocking
the opening to the trench. As Fg docks in the equivalent trench between N2 and N3
subdomains of FNBPA and FnBPB, a similar docking site on FnBPs should block ligand
binding. Thus, LH6, LH7 and LH10 were docked onto the crystal structure of FnBPA
N2N3 using Autodock Vina (Trott & Olson, 2010). LH6 was predicted to dock at the
opening of the trench, extending into N2 (Fig 4.14A). LH7 and LH10 were also
predicted to dock at the opening of the trench with LH10 extending across the opening
(Fig 4.14B, C). These predicted docking sites overlap the binding site of the Fg y-chain
peptide in the crystal structure of FnBPA in complex with its ligand peptide (Fig 4.14D;
PDB ID=4B60). In silico, LH6, LH7 and LH10 were predicted to form a large number of
contacts to FnBPA including several residues important in FnBPA-Fg binding (Table
4.3). Thus, their predicted docking sites indicate they may inhibit FnBP-mediated
adherence to Fg. The ability of LH6, LH7 and LH10 to inhibit SH1000 clfA clfB
adherence to human Fg in vitro was assessed (Fig 4.15). Small molecules LH6, LH7 and
LH10 all significantly reduced FnBP-mediated adherence to Fg. These data indicate
that LH6, LH7 and LH10 inhibit the ability of FnBPs to bind Fg.
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Fig 4.14. Predicted docking sites of LH6, LH7 and LH10 on FnBPA. Small molecules
LH6, LH7 and LH10 were docked onto the crystal structure of FnBPA (PDB ID=4B5Z2)
using Autodock vina (Trott & Olson, 2010). The predicted docking sites were visualized
using Chimera version 1.9 (Pettersen et al., 2004). FnBPA is shown in space filled. LH6,
LH7 and LH10 are shown in space filled in pink (A), yellow (B) and turquoise (C),
respectively. D) The FnBPA-Fg y-chain peptide complex. FnBPA and the peptide are
shown in space filled in grey and orange, respectively. FNnBPA is shown at 50 %

transparency in order to clearly visualise the peptide docking site.
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TABLE 4.3. Predicted contacts of compounds LH6, LH7 and LH10 to FnBPA

Interacting Contact(s) Relevance to fibrinogen (Fg) binding Source
residue
1. LH6
N304 Hydrogen (H-) Locks Fg y-chain peptide in place. (Stemberk et al.,
bond 2014)
Mutation of N304 abolishes Fg (Keane et al.,
binding. 2007)
F306 7 contacts Mutation of F306 abolishes Fg (Keane et al.,
binding. 2007)
P263 8 contacts These residues contact the Fg y-chain (examination of
peptide directly or other residues of PDB ID=4B60)°
V256 4 contacts FnBPA likely to be relevant to locking
G255 1 contact the ligand in place.
H254 1 contact
Q302 1 contact No relevance identified
2. LH7
F306 4 contacts Mutation of F306 abolishes Fg (Keane et al.,
binding. 2007)
L498 2 contacts Mutation of L498 reduced Fg binding. (Keane et al.,
2007)
V256 2 contacts These residues contact the Fg y-chain (examination of
peptide directly or other residues of PDB ID=4B60)"
G255 1 contact FnBPA likely to be relevant to locking
S257 1 contact the ligand in place.
V262 1 contact No relevance identified
K261 2 contacts
3. LH10
F306 4 contacts Mutation of F306 abolished Fg (Keane et al.,
binding. 2007)
F355 2 contacts Mutation of F355 reduced Fg binding (Keane et al.,
2007)
R224 2 contacts Mutation of R224 reduced Fg binding (Keane et al.,
2007)
K357 2 contacts Mutation of K357 reduced Fg binding (Keane et al.,
2007)
G497 1 contact Mutation of G497 reduced Fg binding (Keane et al.,
2007)
V499 5 contacts These residues contact the Fg y-chain examination of
V256 3 contacts peptide directly or other residues of PDB ID=4B60)"
L500 2 contacts FnBPA likely to be relevant to locking
G255 1 contact the ligand in place.
G222 2 contacts Mutation of G222 had no effect on Fg (Keane et al.,

binding

However, G222 involved in
stabilisation of Fg peptide bound
FnBPA

2007)
(Stemberk et al.,
2014)

? The relevance of these FnBPA residues to Fg binding was identified through analysis of the

crystal structure of FnBPA in complex with the Fg y-chain peptide (PDB ID=4B60) in Chimera.
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FIG 4.15 Inhibition of FnBP-mediated adherence to fibrinogen by LH6, LH7 and LH10.
S. aureus strains SH1000 c/fA clfB and SH1000 clfA clfB fnbA fnbB were grown to
exponential phase in TSB and adjusted to an ODgoonm=1.0. Small molecules LH6, LH7,
and LH10 (50 pM, 100 uM) or DMSO (0.5 %, 1% v/v) were added to the bacterial
suspension and incubated at 37 °C, 200 rpm for 30 min. Bacteria mixed with small
molecules or DMSO (200 ul) were subsequently added to Fg coated wells and
incubated at 37 °C for 2 h. Adherent bacteria were stained with crystal violet and the
absorbance was read at 570 nm. Values are expressed as percentage of the As;onm
value measured for SH1000 c/fA clfB with DMSO. Values are the mean of 3-4
independent experiments. Error bars represent SEM. P-values were calculated using a
one-way ANOVA where *, ** and *** represent p-values of <0.05, <0.01 and <0.001,
respectively. For all statistical analyses values were compared to SH1000 cl/fA clfB with

DMSO.
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4.2.12 Small molecules LH6 and LH7 inhibit both FnBPA- and FnBPB-mediated

bacterial adherence to fibrinogen

Small molecules LH6, LH7 and LH10 were identified which inhibit FnBP-mediated
adherence of S. aureus strain SH1000 clfA clfB to human Fg. In this assay, both FnBPA
and FnBPB mediate S. aureus adherence to Fg. It was of interest to identify if the small
molecules inhibit the ability of FnBPA and/or FnBPB to promote adherence to Fg. To
assess this, the surrogate host Lactococcus lactis expressing full length fnbA and fnbB
individually on the nisin-inducible plasmid pNZ8037 was used. The surrogate host L.
lactis allows expression of a single S. aureus factor without interference from other
factors. Thus, inhibition of Fg adherence mediated solely by FnBPA or FnBPB can be
assessed. For each strain, an uninduced culture of the strain was included as a
negative control. It is possible that a low level of FnBPA or FnBPB could still be
expressed in this strain in the absence of nisin due to potential leakiness of the
promoter. Small molecule LH6 significantly inhibited the ability of L. /lactis expressing
FnBPA (Fig 4.16A) to adhere to human Fg. At the highest concentration tested here
LH7 showed a trend towards inhibition of FnBPA-mediated adherence to Fg although
this was not statistically significant (Fig 4.16A). Both small molecules LH6 and LH7
inhibited the ability of L. lactis expressing FnBPB (Fig 4.16B) to adhere to human Fg.
These data indicate that LH6 and potentially LH7 inhibit both FnBPA- and FnBPB-
mediated bacterial adherence to Fg. Unfortunately, due to limited commercial

availability LH10 was not included in these assays.
4.2.13 In silico docking of LH6, LH7 and LH10 onto a homology model of FnBPBN2N3.

The inhibitors of FnBP-mediated adherence to Fg in this study were identified based
on their predicted in silico docking sites on the crystal structure of FNnBPA (Fig 4.14).
Small molecules LH6, LH7 and LH10 were predicted to dock at sites on FnBPA that
would block Fg binding (Fig 4.14). Initial docking was carried out on FnBPA, and not
FnBPB, as the structure of FnBPA N2N3 subdomains has been solved (Stemberk et al.,
2014). Small molecules LH6, LH7 and LH10 inhibited FnBP-mediated adherence of S.
aureus to Fg in vitro (Fig 4.15) and LH6 and LH7 were shown to inhibit both FnBPA- and

FnBPB-mediated bacterial adherence to Fg (Fig 4.16). Thus, it was of interest to assess
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if small molecules LH6, LH7 and LH10 are predicted to dock at sites overlapping the Fg
binding site on FNBPB. A homology model of FnBPB N2N3 subdomains based on the
crystal structure of FnBPA N2N3 in complex with the Fg y-chain peptide (PDB ID=4B60)
was generated using Phyre’ (Kelley & Sternberg, 2009) (Fig 4.17A). In the homology
model, FnBPB N2N3 subdomains form IgG-like folded N2 and N3 subdomains with a
trench separating the subdomains (Fig 4.17A). Small molecules LH6, LH7 and LH10
were docked onto the homology model of FnBPB using Autodock vina (Trott & Olson,
2010). LH6 and LH7 were predicted to dock in the ligand binding trench of FnBPB
where Fg would bind (Fig 4.17B, C). LH10 was predicted to dock near, but not in, the
trench between subdomains N2N3 (Fig 4.17D). Notably, LH7 is predicted to contact
residue F314 of FnBPB. F314 of FnBPB is in an equivalent position to residue F306 of
FnBPA and similar to F306 of FnBPA, alanine substitution of F314 of FnBPB greatly
reduces FnBPB’s ability to bind Fg (Burke et al., 2011).
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FIG 4.16. LH6 and LH7 inhibit FnBPA- and FnBPB-mediated adherence to fibrinogen.
L. lactis (pNZ8037::fnbA) (A) and L. lactis (pNZ8037::fnbB) (B) were grown to
exponential phase and induced with nisin (32 ng/ml) for 16-18 h at 28 °C. A culture of
each strain was not induced and included as a negative control for adherence to Fg
(uninduced). Bacteria were adjusted to an ODggonm =1.0 in PBS. Small molecules LH6
and LH7 (50 uM or 100 uM) or the equivalent concentration of DMSO (0.5 % or 1%
v/v) were added to adjusted bacteria and incubated at 37 °C, 200 rpm for 30 min.
Bacteria small molecules or DMSO mixtures were subsequently added to Fg coated
wells and incubated for 2 h. Adherent bacteria were stained with crystal violet and
As7onm Vvalues measured. Values are expressed as percentage of the As;o,m Vvalue
measured for L. lactis (pNZ8037::fnbA) (A) or L. lactis (pNZ8037::fnbB) (B) with DMSO.
Values are the mean of 3 (A) or 2 (B) independent assays. Error bars represent SEM. P-
values were calculated using a one-way ANOVA where ** and *** represent p-values
of £0.01 and <0.001, respectively (A). A p-value >0.05 is considered not significant (ns).
For statistical analyses values were compared to induced L. /actis (pNZ8037::fnbA) with

DMSO (A). Statistical analyses were not performed in B as the values are the mean of

two, not three, independent assays.
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FIG 4.17 Predicted docking sites of LH6, LH7 and LH10 on FnBPB. A) Homology model
of FnBPB. A homology model of FnBPB N2N3 subdomains was generated based on the
crystal structure of FnBPA in complex with the Fg y-chain peptide (PDB ID=4B60) using
Phyre” (Kelley & Sternberg, 2009) and the model visualized using Chimera version 1.9
(Pettersen et al., 2004). FnBPB is shown in ribbon with N2 and N3 subdomains
coloured green and yellow, respectively. Small molecules LH6 (B), LH7 (C) and LH10 (D)
were docked onto the FnBPB model using Autodock vina (Trott & Olson, 2010) and
their docking sites visualized using Chimera version 1.9 (Pettersen et al., 2004). FnBPB
and the small molecules are shown in space filled (B-D). For docking sites of LH6 (B)
and LH7 (C) FnBPB and the small molecules are shown partially transparent to visualise

the full docking site.
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4.2.14 Assessment of the ability of small molecules LH6, LH7 and LH10 to bind

recombinant FnBPAy,n3 and FnBPBy,n3 by Differential Scanning Fluorimetry

Small molecules LH6, LH7 and LH10 were screened for the ability to bind recombinant
His-FnBPAnonz and  His-FnBPByyn3 proteins by DSF with an increase in melting
temperature of 22 °C considered indicative of protein binding. LH6 and LH10 did not
significantly increase the melting temperature of FnBPA,n3 (Table 4.4). These results
may indicate that the small molecules do not bind to FnBPAy,n3 under the conditions
tested or that small molecule FnBPAy,n3 binding cannot be detected in this assay as
the binding does not stabilise the FnBPAy,n3 protein structure. A melting temperature
for FnBPAy,n3 in the presence of LH7 could not be identified as a typical melt curve
was not obtained. The curve started at the highest fluorescence value and decreased
over time/increasing temperature suggesting FnBPAy,ns with LH7 was completely

unfolded when the measurements began at 25 °C.

LH7 significantly increased the melting temperature of recombinant FnBPBy;n3 by 3.56
+ 0.81°C (Table 4.4, Fig 4.18A; p-value=<0.0001). LH6 increased the melting
temperature of recombinant FnBPBy,n3 by 2.83 + 1.2 °C but this was not statistically
significant (Table 4.4; p-value=0.0775). LH10 did not significantly increase the melting
temperature of FNBPBy,ns (Table 4.4). These data provided direct evidence that LH7

binds FnBPBn2n3 When assessed by DSF.

As LH7 was shown to inhibit FnBPB-mediated adherence to Fg and binding of LH7 to
FnBPBn2n3 could be detected by DSF, LH7 was further assessed for the ability to bind a
recombinant non-Fg binding variant of FnBPByns (His-FNBPBnsi2ar31aa) by DSF.
FnBPBn312ar314a CONtains alanine substitutions of residues N312 and F314 which lie
along the ligand binding trench. FnBPBy312ar3144 has previously been shown to have a
significantly reduced ability to bind Fg in comparison to native FnBPBy,ns profein
(Burke et al., 2011). Notably, LH7 was predicted to contact residue F314 when docked
onto the homology model of FNBPB. LH7 did not increase the melting temperature of
FnBPBn312ar314a (Fig 4.18B). These data suggest that when residues N312 and F314 are
substituted, LH7 no longer binds recombinant FnBPB in vitro. These data suggest that

LH7 binds within the trench of FnBPB at residues N312 and/or F314. LH7 binding at
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TABLE 4.4. AT,,, of recombinant FnBP proteins in the presence of small molecule inhibitors of

FnBP-Fg binding

Small molecule AT (°C)° SEM (°C)°

FnBPANn3

LH6 0.82 0.4

LH7 ND¢ ND

LH10 -0.11 0.36
FnBPBy2ns

LH6 2.83 12

LH7 3.56 0.81

LH10 0.99 0.44

? Values are the mean of three independent experiments except for LH6 with
FnBPAp,n3 Which is the mean of two independent experiments
b SEM=Standard error of the mean

¢ ND=not determined
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FIG 4.18 LH7 significantly increases the melting temperature of FnBPByans.
Differential scanning fluorimetry was carried out with recombinant His-FnBPByan3 (A)
and His-FNnBPBy312ar314a (B) proteins (0.5 mg/ml) and the reporter dye SYPRO orange in
the presence of LH7 (25 uM). A DMSO (solvent) control was also carried out. Thermal
meit curves were generated using Prism Graphpad software version 5.01 and are the
mean of 3 (A) and 2 (B) independent experiments. Fluorescence values were
normalised relative to the minimum and maximum fluorescence values as 0 and 100
fluorescence units, respectively. Thermal melt curves of fluorescence units vs

temperature (°C) were assessed. The melting temperature was identified as the

Temperature (°C)

temperature corresponding to a fluorescence units value of 50.
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this site would be consistent with inhibition of FnBPB-mediated bacterial adherence to
fibrinogen in the presence of LH7 (Fig 4.16B) and the predicted docking site of LH7 on
FnBPB (Fig 4.17C).
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4.3 Discussion

There is a growing body of evidence highlighting the importance of the cell wall-
anchored proteins FNBPA and FnBPB in mediating biofilm accumulation in clinically
relevant lineages of S. aureus; namely CC8 and CC22 including HA- and CA-MRSA
strains (O'Neill et al., 2008, McCourt et al., 2014, Planet et al., 2013, Mashruwala et al.,
2017). It has recently emerged that, in the case of FnBPA, homophilic interactions
between FnBPA proteins on neighbouring bacteria allow this biofilm accumulation to
occur (Herman-Bausier et al., 2015). FnBPA homophilic interactions have previously
been localised to subdomains N2 and N3 although the binding sites involved remained
unknown (Geoghegan et al., 2013, Herman-Bausier et al., 2015). Here, we further
localise FNBPA-FnBPA interactions to the N2 subdomain (Fig 4.3). This is reminiscent of
SdrC homophilic interactions in biofilm which also consist of N2-N2 interactions (Barbu
et al., 2014). FnBPA-mediated biofilm accumulation and adherence to fibrinogen (Fg)
occur through two distinct mechanisms (Geoghegan et al., 2013). This is further
supported here, as the N3 subdomain, which is essential in FnBPA-mediated
adherence to Fg, is not required for homophilic interactions. This study showed, for
the first time, that FnBPB proteins also form homophilic interactions in vitro (Fig 4.8).
These interactions differed from FnBPA in vitro as both recombinant N2 and N3
subdomains of FnBPB contributed to FnBPB-FNBPB homophilic interactions (Fig 4.8).
Further experiments could explore whether recombinant FnBPB proteins form N2-N3

interactions or whether N2 binds N2 and N3 binds N3.

In an attempt to further localise the binding sites involved in FnBPA-FnBPA
interactions, this study assessed whether isotypes of FNnBPA which contain a large
amount of natural amino acid sequence variation in their N2 subdomains (Loughman
et al., 2008) are capable of mediating biofilm. To date, only isotype | of FnBPA has
been shown to mediate biofilm (O'Neill et al., 2008, Geoghegan et al., 2013). This
study found that the five FNBPA isotypes tested here, namely isotypes Ill, IV, V and VI,
can mediate biofilm along with isotype | despite the isotypes sharing only 75-84%
amino acid identity in their N2 subdomains (Fig 4.4). This result suggests that the
residues within the FnBPA-FnBPA binding sites are likely to be conserved across the

isotypes tested here. In a wider context, these data highlight that the ability to form

162



biofilm is conserved across FnBPA isotypes. This is not unexpected as the ability to
form biofilm allows bacteria to survive in many harsh environments. In the case of S.
aureus, the ability to form biofilms on indwelling medical devices or host tissue allows
them to evade host immune phagocytosis and conventional antibiotic treatment
(Section 1.7). Other important functions of FnBPA N2N3 subdomains, namely binding
of host proteins fibrinogen and elastin are also conserved across FnBPA isotypes

despite sequence divergence (Loughman et al., 2008, Burke et al., 2010).

Along with FnBPA many S. aureus strains express a second fibronectin binding protein;
FnBPB. FnBPB also mediates biofilm accumulation (O'Neill et al.,, 2008) through
homophilic interactions (Fig 4.8). When expressed alone, both FnBPA and FnBPB can
mediate biofilm (Geoghegan et al., 2013, O'Neill et al., 2008). However, the possibility
that FnBPA and FnBPB proteins expressed on neighbouring bacteria may interact in a
heterophilic manner has not been explored. Here, we present data showing that
recombinant FnBPA and FnBPB proteins are capable of interacting and that the N2
subdomains are involved in these interactions (Fig 4.5). These data suggest the
possibility of FnBPA and FnBPB forming a heterophilic interaction in biofilm
accumulation. However, the biological relevance of this interaction occurring when full
length FNBPA and FnBPB proteins are expressed on the surface of S. aureus remains
unknown. In order to appropriately assess this without interference from FnBPA-
FnBPA and FnBPB-FnBPB homophilic interactions, single cell techniques could be used
such as single cell spectroscopy. Single cell spectroscopy is an atomic force microscopy
technique which allows interactions of proteins expressed on single cells to be
assessed. In this case, single cells of S. aureus expressing FnBPA alone or FnBPB alone
could be tested for heterophilic binding and the strength of interaction measured. This
technique has been successfully used to measure homophilic interactions of FnBPA
(Herman-Bausier et al., 2015) and SdrC (Fig 3.16, Feuillie et al., 2017) proteins
expressed on the surface of S. aureus. Whether FnBPA-FnBPB heterophilic interactions
do occur between S. aureus cells could be assessed visually using confocal microscopy.
A biofilm consisting of FNBPA" and FnBPB" cells differentially tagged with mCherry and
GFP, respectively, could be set up. These experiments would allow colocalisation of

FnBPA" and FnBPB" cells to be visualised or, if heterophilic interactions do not occur,
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FnBPA' cells may aggregate separately to FnBPB cells in the biofilm. Previous studies
would suggest that if this type of interaction does occur that it is not essential to S.
aureus biofilm accumulation as expression of FnBPA or FnBPB alone can restore the
ability of S. aureus deletion mutants of both fnbA and fnbB to form biofilm
(Geoghegan et al., 2013, O'Neill et al., 2008). However, in these studies fnbA and fnbB
are expressed on multicopy plasmids and therefore their expression may be higher

than on the chromosome of the parental strain.

Amino acid alignments of the N2 subdomains of the five FnBPA isotypes tested in this
study and FnBPB were carried out in order to identify regions of amino acid sequence
conservation (Fig 4.6A). Six sites were identified and mapped onto the crystal structure
of FnBPA to assess if they are surface exposed and thus, available for interaction (Fig
4.6B). From these analyses, three sites; site 1, site 4 and site 6, were selected for
alteration as they cover the largest areas of amino acid conservation and are surface
exposed (Fig 4.6). Segments and not individual residues were altered to the equivalent
region in CIfA (Fig 4.7). The variant proteins did not have a reduced ability to form
FnBPA homophilic interactions (Fig 4.7) and from these analyses the dimerization sites
of FnBPA were not identified. However, the data for the site 4 variant protein (His-
FnBPAsites) is not reliable as this protein lost the ability to bind Fg (Fig 4.7B) and thus,
may not be correctly folded or functional. To assess if His-FnBPAs;e4 is correctly folded,
nuclear magnetic resonance (NMR) experiments could be performed comparing the
structure of native His-FnBPAy,n3 and His-FnBPAsi.s. There are several possible
reasons why the dimerization sites were not identified in this study. Firstly, it is
possible that none of the sites analysed are involved in FnBPA homophilic interactions.
It is possible the alteration to CIfA sequence may not have been sufficient as several
residues in each site were conserved in the CIfA sequence (Fig 4.7A). Thus, some of the
residues were not altered in the sequence swaps. Further studies to identify the
FnBPA-FnBPA binding sites are required. Phage display was used previously in the
identification of SArC-SdrC dimerization sites and thus, could be employed in this case
(Barbu et al., 2014). However, it is not always successful. Crystallization of the FnBPA

N2 or N2N3 dimer would clearly allow the binding sites to be identified. Co-
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crystallization of the small molecule FnBP biofilm inhibitors identified here (Table 3.2,

Fig 4.10) in complex with FnBPA could also highlight at least one dimerization site.

A major aim of this study was to explore FnBP homophilic interactions as novel targets
for anti-biofilm agents. Anti-biofilm agents against S. aureus are needed clinically. S.
aureus is a major cause of indwelling device related infections which involve formation
of a biofilm. Treatment of S. aureus infections is already complicated with the
widespread emergence of antibiotic resistant S. aureus strains (Section 1.7.3, Foster,
2017). However, treatment of biofilm infections is more complex due to the nature of
a mature biofilm. Once a biofilm is established, it is refractive to conventional
antibiotics and resistant to host immune phagocytosis (Section 1.7). These infections
also serve as foci for secondary infections with bacteria shedding from biofilms to
other sites (Speziale et al., 2014). Not surprisingly, treatment of biofilm infections
typically involves removal of the device (Hogan et al., 2015). Thus, the identification of
novel targets for anti-biofilm agents and discovery of new agents is of great clinical

importance.

Here, this study presents a novel strategy for prevention of biofilm through the
disruption of FnBP homophilic interactions. This would be extremely advantageous as
it would prevent the mature, difficult to treat biofilm from being established. In this
study, in silico docking approaches targeting FnBPA led to the identification of several
small molecule inhibitors which inhibit FnBPA homophilic interactions (Fig 4.12) and
prevent biofilm formation by HA-MRSA clinical isolates in vitro (Fig 4.10) without
affecting bacterial growth (Fig 4.11). A limitation is that binding of the small molecules
to recombinant FnBPAn,n3 protein could not be demonstrated using DSF (Table 4.2).
This may be due to a limitation of DSF as small molecule binding must infer
stabilisation to the protein structure. Thus, further studies of small molecule protein
binding could be carried out using more sensitive techniques such as Isothermal
Titration calorimetry, NMR or co-crystallization of small molecule protein complexes.
In particular, a study combining these techniques would allow binding affinities and

binding sites of the small molecules to be elucidated.
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This study also identified three nhibitors of FnBP-mediated adherence to Fg LH6, LH7
and LH10 (Figs 4.14, 4.15). FnB-mediated adherence to Fg is an important virulence
mechanism previously shown o promote S. aureus adhesion to thrombi, primary
attachment to biotic surfaces and in promoting bacterial aggregation and biofilm
formation in synovial fluid (Dasttheyb et al., 2015). All three inhibitors are predicted to
dock in the ligand binding trenci overlapping the binding site of the Fg y-chain peptide
(Fig 4.14). Thus, the in silico preticted docking sites correlate well with the ability of all
three inhibitors to prevent Fn3P-mediated adherence of S. aureus to Fg in vitro.

Furthermore, DSF data for LH7 sipports its predicted binding site (Fig 4.18).

FnBPA and FnBPB also bind thehost proteins elastin (Keane et al., 2007, Roche et al.,
2004, Burke et al., 2010) and pasminogen (Pietrocola et al., 2016) through their N2
and N3 subdomains. Fg and elasin bind at the same site in the ligand binding trench of
FnBPs (Keane et al., 2007, Burkeet al., 2010). Thus, it is likely that LH6, LH7 and LH10,
which are predicted to block Fgbinding in the trench, will also inhibit FnBP-mediated
adherence of S. aureus to elastn. The binding mechanism differs for FnBP-mediated
adherence to plasminogen. FIBPB-plasminogen binding is mediated by the N3
subdomain alone and the bindirg site of plasminogen does not overlap with that of Fg
(Pietrocola et al., 2016). The pasminogen binding site of FNBPA remains unknown.
Therefore, it is unlikely, at leat in the case FnBPB, that LH6, LH7 and LH10 would
reduce the ability of FnBPB to lind plasminogen unless the inhibitors have a second

binding site.

Thus, small molecules targetingtwo different functions of FnBPs have been identified
in this study. LH1, LH2, LH3 ind LHS5 act as anti-biofilm agents inhibiting FnBP-
mediated biofilm accumulation Fig 4.10) and could be further investigated as leads in
the development of non-antibiaic drugs for inhibiting S. aureus biofilm. LH6, LH7 and
LH10 inhibit FnBP-mediated adlerence of S. aureus to Fg (Fig 4.15) and could act as
leads for the development of inti-adhesion agents. Detailed structure and activity
relationships (SARs) analyses ould be carried out to optimise and improve the
potency of the inhibitors identiied here to allow the development of a larger, more
potent drug-like molecule. Notibly, not all S. aureus biofilms are dependent upon

FnBPs and S. aureus biofilm is a nultifactorial process (Section 1.5). Thus, FnBP biofilm
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inhibitors would likely be used in combination with oher targeted inhibitors. A similar
strategy would also be employed for inhibition of S. arreus adherence to Fg due to the

functional redundancy among S. aureus cell wall-anchwred proteins.

In conclusion, this study has contributed to our understanding of FnBP-FnBP
interactions and evaluated these interactions as atarget for anti-biofilm agents.
Further studies probing molecular interactions in . aureus biofilm and targeted
inhibitor studies would allow these preventive therapies to be developed.
Furthermore, small molecule inhibitors of FnBP-mediaed biofilm and adherence to Fg
have been identified here and may serve as leads in te further development of anti-

biofilm and anti-adhesion agents.
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Chapter 5

Discussion
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5.1 Discussion

S. aureus is a leading cause of indwelling medical device related infections which
typically involve formation of a biofilm. S. aureus biofilm formation is multifactorial
and considered to occur in three distinct phases: primary attachment, accumulation
and maturation followed by biofilm dispersal (Section 1.5, Speziale et al., 2014).
Biofilm infections are intrinsically difficult to treat. Once a mature biofilm is formed, it
is refractive to conventional antibiotics and resistant to host immune phagocytosis
(Section 1.7, Speziale et al., 2014). More specifically, the bacteria are embedded in a
multicellular community which in some instances is surrounded by a self-synthesized
matrix where antibiotic and immune cell access is limited. Furthermore, bacteria in a
mature biofilm lie in a dormant state. As most commonly used antibiotics target
processes which are essential in actively dividing S. aureus cells, these compounds are
not effective against dormant bacteria. Thus, biofilm infections cause a significant
health burden where treatment often involves removal of the device (Hogan et al.,
2015). Another major health burden is the secondary infections which may occur as a
result of a biofilm infection. Biofilms may act as foci of infection whereby bacterial
cells can shed from the biofilm, migrate and establish infections at other sites of the
body. For example, device related infections are a major cause of subsequent
bloodstream infections (Hogan et al., 2015). There is also the issue of widespread drug
resistance among S. aureus, particularly the emergence of both hospital associated
(HA)- and community associated (CA)-methicillin resistant S. aureus (MRSA) strains,
which further complicates treatment (Section 1.7.3). Thus, there is a great need for

novel preventive and treatment strategies to combat S. aureus biofilm infections.

In order to develop these novel strategies, further investigations into the molecular
interactions and factors underpinning biofilm formation are required. These studies
will aid in the identification of suitable, novel targets for anti-biofilm agents and the
rational development of such agents. These in vitro studies should be combined with
in vivo models of infection such as mouse (Vergara-lrigaray et al., 2009) or rat
(Schaeffer et al., 2015) catheter models of infection or foreign body infection models
such as the tissue cage model (Zimmerli et al., 1982) to correlate findings to infection.

Overall, a combined understanding of S. aureus biofilm formation, investigation of
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bacterial targets and identification of anti-biofilm agents will allow the development of

novel therapeutics for the treatment of biofilm infections.

The overall major aim of this thesis was to assess homophilic interactions of the S.
aureus cell wall-anchored serine aspartate repeat (Sdr) C protein and the fibronectin
binding proteins (FNBPs) as novel targets for anti-biofilm agents. The objective was to
inhibit biofilm accumulation and thus, prevent a mature biofilm, which is refractive to
antibiotic treatment, from forming. Such anti-biofilm agents would have many
advantages. As the agents are targeting specific protein interactions but not inhibiting
bacterial growth there would be considerably less selective pressure for drug
resistance in comparison to antibiotics. This is an important concern with any
preventive or treatment strategy as widespread antimicrobial drug resistance has
become a major public health threat. There are a number of reasons for the reduction
in selective pressure associated with anti-biofilm agents. Antibiotics target essential
pathways in microbial growth such as protein synthesis and these pathways are well
conserved across diverse bacterial species (Dickey et al., 2017). Due to this, antibiotics
provide major selective pressure on bacterial populations to resist killing.
Furthermore, antimicrobial targets are typically conserved across many bacterial
species and so, a mutated target or resistance mechanism may be transferred
horizontally among many, unrelated bacterial species. In contrast, anti-biofilm agents
have targets that are specific to a bacterial species or, at most, closely related bacteria.

In the case of SdrC and FnBPs, they are only found in S. aureus.

Another advantage of this targeted anti-biofilm approach in this regard, is that, escape
mutants are less likely to arise as the inhibitors target specific protein residues
important in homophilic interactions in biofilm. Mutation of such sites would likely
render the bacteria unable to form SdrC- or FnBP-mediated biofilm. The targets in this
study are also surface exposed so penetration of the thick S. aureus cell wall is not
required and efflux as a resistance mechanism does not apply. However, there is the
possibility of the acquisition of other biofilm accumulation factors such as the S.
aureus surface protein (Sas) X (Li et al., 2012) or the ica locus (Jiang et al., 2013, Fessler
et al., 2017) on mobile genetic elements which would provide an alternative way for

the bacteria to accumulate. To augment this, a combination of specific inhibitors of
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different biofilm factors could be employed although this adds further complexity to

the development and implementation of such preventive therapy.

The use of anti-biofilm agents to prevent biofilm infections would also reduce the
administration of antibiotics which, as mentioned, are largely unsuccessful in treating
biofilm infections. Thus, these agents would alleviate at least some of the selective
pressure imposed by antibiotics (Dickey et al., 2017). Furthermore, anti-biofilm agents
would be capable of preventing biofilm infections by S. aureus strains which have

already acquired antibiotic resistance including widespread HA- and CA-MRSA strains.

There are several other advantages of the specificity of anti-biofilm agents. As the
agents target specific S. aureus biofilm factors, in this case the cell wall-anchored
proteins SdrC and FnBPs, they are unlikely to affect the host’s microbiota which do not
express these specific factors. This differs from broad spectrum antibiotics which
affect essential pathways conserved among both the infecting pathogen and the host’s
microbiota. A major negative effect of the killing of host microbiota species by broad
spectrum antibiotics has been the increase in Clostridium difficle infections in hospital
settings (Dickey et al., 2017). If an agent is highly specific this should also correlate
with lower toxicity towards host cells as the specific target will only be associated with

the infecting pathogen.

Although, anti-biofilm drugs have many favourable attributes, their development for
prophylactic clinical use is not without several drawbacks. For the identification of an
agent targeting a single, specific factor a lot more time, studies and cost is required in
comparison to an antibiotic. Studies include in depth characterisation of each specific
target, its role in biofilm both at the molecular level and in vivo and subsequent
identification of novel agents. The identification of novel agents will most likely be
followed by studies to improve the specific targeting, potency and toxicity of those
agents. Furthermore, for anti-biofilm agents such as those identified in this study, a
single agent would not be sufficient clinically to prevent S. aureus biofilm infections.
This is because S. aureus biofilm formation is multifactorial (Section 1.5, Speziale et al.,
2014, Otto, 2008) and S. aureus displays a high level of functional redundancy among

its cell wall-anchored proteins (Section 1.4, Foster et al., 2014). Thus, a combination of
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agents targeting different biofilm accumulation factors would be required. To improve
such preventive strategies, these agents could be combined with anti-biofilm agents
which prevent primary attachment of bacteria to the device. This would allow
targeting of two important steps in biofilm formation; primary attachment and

accumulation, prior to the formation of a mature biofilm.

Alternatively, an anti-biofilm agent with a wider spectrum of activity could be
developed. Within this study itself, several of the small molecules identified were
capable of inhibiting functions of both SdrC and FnBPs. LH1 and LH3 reduced SdrC-
mediated biofilm of the surrogate host L. lactis and FnBP-dependent biofilm of the HA-
MRSA strains BH1CC and DAR70. Thus, they may target both factors in biofilm
accumulation. LH6, LH7 and LH10 inhibited SdrC-mediated biofilm of L. /actis and
FnBP-mediated adherence to fibrinogen (Fg) with LH10 also inhibiting MRSA252
biofilm formation. Thus, these small molecules could act as inhibitors of primary
attachment to devices coated with human Fg and SdrC-mediated biofilm
accumulation. There is also potential for LH6, LH7 and LH10 to inhibit fibrin-dependent
biofilm formation where fibrinogen and fibrin binding by cell wall-anchored proteins is
important (Zapotoczna et al., 2015, Dastgheyb et al., 2015). This spectrum of activity is
likely due to the conserved N2N3 subdomain structure adopted by members of the
microbial surface components recognizing adhesive matrix molecules (MSCRAMM)
family of S. aureus cell wall-anchored proteins of which SdrC and FnBPs are members
(Section 1.4.1). Thus, there is potential for a pan-MSCRAMM inhibitor to be developed
which may be of more interest clinically. This could be taken into account if a second

generation of the molecules in this study are to be developed.

Finally, in the case of anti-biofilm agents which prevent biofilm accumulation, the
agents will not eradicate the source of planktonic bacteria available to form biofilm.
These bacteria would still have to be removed by the host immune system or
antibiotics. However, treatment of such planktonic bacteria is more achievable than

bacteria embedded in a biofilm which are largely refractive to antibiotics.

Alongside assessing novel targets for anti-biofilm agents and identifying agents

themselves, it is important to further our understanding of the bacterial targets. Thus,
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to support the assessment of SdrC and FnBPs as targets for anti-biofilm agents this
study also aimed to further characterize SdrC and FnBPs roles in biofilm accumulation
at the molecular level. In the case of SdrC, an important objective was to identify if
SdrC’s ability to mediate biofilm was of clinical relevance. To date, SArC has been
shown to promote biofilm in the S. aureus lab strain Newman (Barbu et al., 2014).
Here, we present data showing that SdrC promotes biofilm in the HA-MRSA clinical
isolate MRSA252 and that adjacent MRSA252 cells interact through specific SdrC-SdrC
interactions. MRSA252 is a member of the EMRSA-16 clone, an important S. aureus
clone globally (Holden et al., 2004). These data indicate that SdrC-mediated biofilm is
clinically relevant. Further studies into the role of SdrC in biofilm formed by other
clinically relevant S. aureus lineages would be required to assess the extent of SdrC’s
relevance. This has been somewhat assessed previously although the approach used
was indirect. A panel of strains were assessed for inhibition of biofilm formation by
addition of recombinant SdrC N2 in vitro (Barbu et al., 2014). These data suggested
that in approximately 50 % of the isolates tested SdrC promotes biofilm formation.
Notably, the dimerization motifs ‘RPGSV’ and ‘VQDYT' were conserved across 134
sequences assessed in the study (Barbu et al., 2014). In order to directly assess a role
for SdrC in a wider clinical context, isogenic sdrC deletion mutants of specific strains
representative of important clinically relevant lineages worldwide could be
constructed and compared to the parental strain for the ability to form biofilm. This
would clearly address a role for SdrC across the most important S. aureus lineages. As
these analyses would be in vitro, SdrC’s role in biofilm should also be assessed in an in

vivo animal model such as a mouse catheter model of infection.

In the case of FnBPs, this study aimed to further dissect the interactions occurring
within biofilm accumulation to support the identification of inhibitors of FnBP-
mediated biofilm. This study further localised FnBPA-FnBPA interactions to the N2
subdomain alone with the N3 subdomain not required in vitro. FnBPB N2N3
homophilic interactions were demonstrated in this study. In contrast to FnBPA, both
recombinant FnBPB subdomains N2 and N3 bound GST-FnBPBy;n3 in vitro indicating a
role for both subdomains in FnBPB-FnBPB interactions. FnBPs have a large amount of

natural sequence diversity in their N2 and N3 subdomains with seven isotypes of
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FnBPA (Loughman et al., 2008) and FnBPB (Burke et al., 2010) identified to date. Only
isotype | of FNBPA has been assessed for the ability to form biofilm (Geoghegan et al.,
2013, O'Neill et al., 2008). Here, data are presented showing that isotypes IlI, IV, V and
VI along with isotype | also promote biofilm accumulation despite considerable amino
acid sequence variation in their N2 subdomains. This suggests that the sites of FnBPA
dimerization are likely to be conserved across the isotypes tested here. Data are also
presented here showing that recombinant FnBPA and FnBPB proteins can form
heterophilic interactions in vitro. This was an interesting observation as FnBPA and
FnBPB share only 45 % amino acid identity in their N2 subdomains. The biological
relevance of this interaction is yet to be assessed. Thus, several novel observations of
FnBPA and FnBPB interactions have been identified here. However, attempts to
elucidate the exact sites of FnBPA homophilic interactions in this study were
unsuccessful. Resolution of a crystal structure of the FnBPA dimer would identify these
sites. This would aid our understanding of FnBPA homophilic interactions in biofilm

and allow further development of anti-biofilm agents.

This study has proposed protein homophilic interactions as targets in preventing
biofilm in vitro with several small molecules identified. These small molecules may act
as scaffolds in further drug development as improved potency would be required prior
to in vivo testing. Further development of these inhibitors should involve a detailed
structure and activity relationships (SARs) analysis approach. This could be carried out
using a similar in silico approach whereby structural analogs of each inhibitor could be
docked onto the structures of SdrC and FnBPA at the specified dimerization sites.
Increased predicted binding affinities and interactions, particularly those involving
hydrogen bonds to the dimerization sites, could then be assessed and compared to the
leads for putative improved potency followed by in vitro assessment. Through such
analyses, substructures will be identified which provide the observed anti-biofilm
effects. These can then be optimized or joined with other anti-biofilm structures to
improve the overall inhibitor potency or as mentioned previously, the range of activity,
for example identifying inhibitors that inhibit several factors in S. aureus biofilm
accumulation. Gathering further information on the protein-lead inhibitor interactions

would also benefit these analyses. A binding affinity and co-crystal structure for each
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inhibitor with its target would aid in the specification of the important residues to
target, improving knowledge of the type of interaction required and allow comparison

of structural analogs based on binding affinity to the target.

From the initial study here a few structural insights can be made which would feed
into a SARs analyses study. A common substructure within LH3 (Fig 5.1A), the 2,3-
dihydrozyquinoxaline, was observed in the majority of the in silico hits obtained when
the Zinc lead-like library was docked onto SdrC targeting the ‘VDQYT' motif. Notably,
for these small molecule hits it was this substructure and not their variable regions
which were predicted to interact with the protein. Thus, this substructure was flagged
as potentially important and LH3 was selected as a representative small molecule.
Thus, this substructure may serve as a starting point for further development. The
remainder of the structure could be altered to optimize this small molecule and its
potency. Another observation is the similarity in structure of small molecules LH6 and
LH7 which have a similar spectrum of inhibition (Fig 5.1B). They both inhibit SdrC-
mediated biofilm in the surrogate host L. lactis and FnBP-mediated adherence to Fg.
Thus, the conserved substructure they share could serve as a useful scaffold and their

variable regions could be further altered to improve potency.

Another important part of a SARs analysis would be to remove or replace undesirable
functional groups. Small molecule biofilm inhibitors LH1, LH2, LH3 and LH5 all contain
a sulphonamide group within their structure. Sulphonamide groups are known to
cause allergies in some patients and thus, drugs with this group would never be used
clinically. This group should be replaced or removed in any second generation
inhibitors. SARs analysis should also examine the structures of the small molecules
which had no observed inhibitory effect in vitro. Small molecules LH8, LH9, LH11 and
LH14 did not inhibit SdrC-mediated biofilm formation. These compounds are all much
larger than others in the screen and therefore are less likely to fit into the small
pocket/binding trench of SdrC. LH8, LH11 and LH14 are also not linear, unlike LH6, LH7
and LH10, and therefore may not fit into the trench between subdomains N2 and N3.
Another aspect not explored in this study was assessing small molecule combinations
in order to test for additive or synergistic effects in biofilm inhibition. These tests

would be of interest in further evaluating the small molecules identified here and
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Fig 5.1. Shared small molecule substructures. A) LH3 substructure. Substructure within
LH3 found in most docking hits from the Zinc lead-like library targeting the ‘VDQYT’ of
SdrC. B) Common substructure shared between LH6 and LH7. Small molecules LH6 and
LH7 share this common central structure with variable regions either side. Atoms are
coloured by element with oxygens in red, nitrogens in blue, sulphur in brown, and

carbons and hydrogens in black.
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second generation molecules. Other essential factors which should be considered in

the future development of more potent inhibitors are their solubility and toxicity.

Overall, this study has further characterised SdrC and FnBP interactions in S. aureus
biofilm accumulation at the molecular level and highlighted these interactions as
potential targets for anti-biofilm agents. Several small molecule inhibitors and a
peptide inhibitor of S. aureus biofilm have been identified here which may be used as
lead molecules for further drug design (Fig 5.2). These include inhibitors of primary
attachment mediated by FnBP-Fg binding, SdrC-mediated biofilm accumulation and

FnBP-mediated biofilm accumulation (Fig 5.2).
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